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Abstract 
The hydraulic transport of suspensions is frequently encountered in industry. A typical 
example is mine tailings which is transported from the dewatering plant to the tailings 
disposal area through an open channel. In recent years, because of water shortages and 
environmental and economic issues, tailings system facilities are changing, and thickening of 
mineral processing plant tailings slurry to achieve high solids content at discharge is 
becoming common. As a consequence, with increasing concentration, tailings material 
becomes more viscous and non-Newtonian in nature, and its flow behaviour becomes 
complex and more difficult to predict.  
Thickened tailings transport is of significant importance in the design of tailings disposal 
management. Having been dewatered, tailings often travel a long distance to the disposal 
site. As long as the terrain allows gravity flow, one economical alternative to a pipeline is to 
utilize an open-top flume to convey the tailings material. The flume can be either artificial 
channel with commonly used cross sections (e.g. trapezoidal, rectangular, and semi-circular) 
or natural valley. The design of such a flume depends on the rheological characteristics and 
flow mechanism of thickened slurry. Therefore, understanding of free surface flow 
behaviour and characterisation of thickened tailings material is highly important to design 
the tailings management facilities appropriately. This knowledge is currently lacking and 
doesn’t lead to generally accepted design procedure.  
This study focuses on the analysis of non-settling thickened tailings free surface flow. It was 
aimed at developing new approaches in artificial channels flow . The study covers laminar, 
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transitional and turbulent regimes of fluid flow. Since the fluid mechanics, in general, is a 
fundamentally analytical-experimental engineering science, model development is based on 
the analytical analysis and the observation of non-Newtonian fluid flow through the semi-
pilot constructed flume at RMIT University (4.8 meters long 100 mm width).  
In the laminar regime, a new Reynolds number has been developed to predict the flow of 
non-Newtonian mining thickened tailings slurries in open channels.  This model targets to 
appropriately evaluate the frictions forces caused by material viscosity in the laminar 
regime.   
For transitional and turbulent flows, two new analytical models have been developed. 
Unlike the existing models (Haldenwang and Slatter, 2006, Haldenwang et al., 2010, Burger 
et al., 2010a, Burger et al., 2015), the new models have been analytically derived using the 
open channel velocity profile measured by Laser Doppler Anemometer (LDA) for a 
Newtonian fluid. It is believed that, in addition to the viscous sublayer existing in both pipe 
flow and open channel flows, two distinctive flow regions (1) inner (log law) and (2) outer 
are observed in an open channel flow, while on the other hand in the pipe flow only the 
inner region with logarithmic velocity profile is formed. 
Flow transitional from laminar to transition regimes are also studied. A new model is 
presented based on the assumption that at the limit of the transitional flow, the laminar 
shear velocity (𝑈𝐿
∗) approaches the turbulent regime shear velocity (𝑈𝑇
∗). However, the 
transitions from the transition to the turbulent flow was not studied in this thesis. 
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A new experimental data set has been compiled for this thesis. The experimental results 
along with 2 other independently collected sets, of relevant experimental data, i.e 
Haldenwang (2003) and Burger et. al. (2010), are used to validate the new models and the 
existing models reported in the literature.  
It was found that the new models, except the transitional loci determination model, provide 
a considerably better prediction over the existing models. In the laminar regime, it is shown 
that the newly defined Reynolds number achieves better estimation of the friction at the 
boundary and average velocity when compared with the experimental data.  
In the transitional and turbulent regimes, the new models give better flow behaviour 
prediction when compared to that of Haldenwang-Slatter (2010) model - even for the 
dataset from which the Haldenwang-Slatter model was developed. The same was observed 
for the Burger et al. (2015) model using the Burger et al. (2014) dataset. The quantitative 
comparisons of the proposed models with the current models were achieved using the 
combined error occurred in the channel slope. 
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Nomenclature 
 D Pipe diameter (m) 
 De  Flume Equivalent Diameter (m)  
e Roughness (m) 
𝑓  Fanning friction factor 
 𝑓𝐷 Darcy friction factor  
 𝑓𝐷(𝐿𝑎𝑚.) Darcy friction factor in Laminar Regime  
𝑓𝐷(𝑇𝑢𝑟..) Darcy friction factor in Turbulent Regime    
𝐹𝑟 Froude Number 
 𝐻 Flow Depth (m) 
 ℎ Flow Depth (m) 
 𝐻𝑒 Hedsrom Number 
 ℎ𝑓 Head loss (m of fluid) 
g gravity acceleration (m/s
2
) 
𝐾 Flow consistency Index (Pa·sn) 
K’ Apparent Fluid Consistenty Index  
𝐾 Shape factor  
 𝐿 Pipe length (m) 
p Wetted perimeter (m) 
 Re Reynolds number  
Re2 Slatter Model Reynolds number 
Re∗ Shear Reynolds number 
Re𝑐 Critical Reynolds number (Laminar-Transition) 
Re𝑐(𝑡𝑟𝑢𝑏) Critical Reynolds number (Transition-Turbulent) 
Re𝑀𝑅 Metzner-Reed  Reynolds number (Transition-Turbulent) 
 𝑅ℎ Hydraulic radius (m) 
𝑆𝑜 Channel slope (m/m) 
𝑆𝑡 Stability Number  
n Power Law Index 
𝑛∗ Fluid index  
n’ Apparent Fluid Behaviour Index  
Q Volumetric Flow Rate (m
3
/s) 
V average velocity (m/s) 
V0 Average slip velocity (m/s) 
us Local/Point Average (m/s) 
up Plug Velocity (m/s) 
𝑦 Distance from wall (m) 
𝑘 Von Karman Constant  
𝑢′, 𝑣′ Turbulent Fluctuation Velocity Componenets (m/s) 
𝑢∗  Shear Velocity (m/s) 
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𝑋  Ratio of yield stress to wall shear stress 
𝑥𝑐  Ratio of Bingham Plastic yield stress to critital wall shear stress 
 
Greek Letters 
𝛺 Wilson-Thomas Model Velocity profile correction 
Θ Velocity profile correction 
𝜏𝑤 Wall shear stress (Pa) 
𝜏0 Average wall stress (Pa) 
𝛿𝑣 Viscous Sublayer Thickness (m) 
 𝜏𝑦 Yield stress (Pa) 
 ?̇?𝑤 Shear rate at wall (1/s) 
 ?̇? Shear rate (1/s) 
𝜌  Slurry Density (kg/m3) 
𝜇𝑓  Fluid viscosity (Pa·s) 
𝜇𝑒 Equivalent viscosity (Pa·s) 
 𝜇 Viscosity (Pa·s) 
 𝜇𝑎𝑝𝑝 (100) Apparent viscosity at shear rate of 100 1/sec (Pa·s) 
𝜇𝑠𝑒𝑐 (100) Secant viscosity at shear rate of 100 1/sec (Pa·s) 
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1 Introduction 
1.1 General  
The Hydraulic Transport of concentrated suspensions is frequently encountered in industry 
and natural debris flow. A typical example is mine tailings transportation from the 
dewatering plant to the tailings disposal facility. Mine tailings often travel several to 
hundreds of kilometers from processing plants to the tailings disposal facilities. Hydraulic 
transportation of tailings through pipelines or open channels is the most prevalent way to 
deliver the material to the tailings dam since the tailings are in mixtures of water and solids 
particles.  
In recent years, mining industries are increasingly moving toward innovative tailings 
dewatering technologies to produce tailings at higher solids concentration (Jewel and 
Fourie, 2006, Slatter et al., 2010). Water shortage and environmental and economic issues 
drive this trend. But as a consequence, with an increase in solids concentration, these 
materials exhibit non-Newtonian viscoelastic properties (Dzuy and Boger, 1983, Coussot and 
Boyer, 1995, Gawu and Fourie, 2004, Slatter et al., 2010) and the flow behaviour prediction 
of such material presents considerable challenges in comparison to that for Newtonian 
fluids (Gawu and Fourie, 2004, Slatter, 2015).   
Open channel transportation, if terrain permits, is always a viable alternative to the pipeline. 
However, despite recent research, the open channel flow of Non-Newtonian material has 
not been analytically well-studied. Recent studies have focused mainly on flow modeling 
based purely on experimental investigations and observations (Haldenwang and Slatter, 
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2006, Haldenwang et al., 2010, Burger et al., 2010c, Burger et al., 2015, Javadi et al., 2015b, 
Javadi et al., 2015c). Hence, unlike pipeflow,  the design of channel flow is still fraught with 
difficulties because of the complication caused by the material’s rheology and the effect of 
the channel’s asymmetric shape. With respect to these identified gaps, The overall aim of 
this research work is to analytically and experimentally investigate the flow of non-
Newtonian material, in particular, thickened tailings, in open channel flow.  
This chapter presents a summarized status of the current knowledge of the thickened 
tailings transport through open channels. A detailed literature review of the fundamentals, 
and consequent underpinning theories are discussed in depth in chapter two. Furthermore, 
this chapter focuses on the research outlines, aims, objectives and rationale. 
1.1.1 Research Background 
The flow of Newtonian and non-Newtonian materials has received attention at varying 
levels in the literature. Newtonian fluid flow, in particular, water flow through open 
channels with various shape has been extensively investigated (Straub et al., 1958, Chow, 
1959, Chaudhry, 2008). Currently, the empirical theory of flow of such fluids are well-
developed and reported in textbooks amongst which Open Channel Hydraulic by Chow 
(Chow, 1959) is the most cited reference.  
The flow of non-Newtonian material including tailings slurry through circular pipe geometry 
has also been extensively studied. The work of Rabinowitsch (1929)  and Mooney (1931) 
was the first attempt to evaluate the flow of non-Newtonian flow in a capillary tube. Since 
then, a significant number of researchers have studied the flow of such material in circular 
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pipes (Hanks, 1963 b, Hanks, 1963 a, Govier and Aziz, 1972, Oroskar and Turian, 1980, 
Wilson and Thomas, 1985, Wilson and Thomas, 2006).  
On the other hand, contrary to pipe flow, very limited attempts have been made to study 
the flow of non-Newtonian material in open channels. As far as the author can ascertain, 
Kozicki and Tiu (1967) developed, for the first time, a theoretical/analytical flow model in 
the laminar regime. This model was to predict the average velocity and maximum velocity 
for flow of any time-independent non-Newtonian fluid through channels with arbitrary 
cross-sectional shape (Kozicki and Tiu, 1967). To consider the effect of channel shape, this 
model utilizes two geometric coefficients which can be analytically evaluated.  
In 1983, Naik studied the flow of Bingham Plastic fluid in the turbulent regime using rough 
wall turbulent open channel flow models. Furthermore, he defined a criteria using He 
number to predict the onset of transition (Naik, 1983). For the laminar  regime flow of 
mudflow exhibiting Herschel Bulkely,  Coussot (1994) developed a new model to predict the 
wall shear stress in a rectangular flume, incorporating a shape factor (Coussot, 1994).  
The main contribution to non-Newtonian open channel flow is the efforts recently made at 
Flow Process Research Centre at the Cape Peninsula University of Technology (Haldenwang 
et al., 2010, Haldenwang et al., 2012, Burger et al., 2010a, Burger et al., 2015). Along with 
the experimentally developed models, two extensive datasets of non-Newtonian fluid flow 
in open channel flows with various shapes were created (Haldenwang and Slatter, 2006, 
Burger et al., 2010c). The models were derived based on the pipe flow paradigm. The fluids 
CHAPTER 1 21 
 
 
tested were kaolin and bentonite suspensions and carboxymethylcellulose (CMC) solution at 
various concentrations.  
Besides these open channel models, non-Newtonian pipe flow models and the sheet flow 
models are also claimed to be applicable for flow predicting of such material in open 
channels (Wilson, 1991, Slatter et al., 2010). With the replacement of pipe diameter with 
four times the hydraulic radius, the non-Newtonian pipe flow model is postulated to model 
the flow behaviour. Note that majority of the current open channel models were derived 
from the pipe flow paradigm (Burger et al., 2010a, Haldenwang et al., 2010). In other words, 
this implies that velocity and friction factor of non-Newtonian material flow through an 
open channel,relationships bear significant resemblance to pipe flow.   
The sheet flow paradigm was also found to predict the flow behaviour of the non-
Newtonian material in extremely wide open channels. This paradigm was developed to 
evaluate the flow of such material on an infinitely wide inclined plane. However, the sheet 
flow models have not appeared to predict flow behaviour in channels accurately. Note that 
the sheet flow model is limited to the laminar regime and, furthermore, the model flow 
prediction is accurate provided that the channel is wide enough. Therefore, there is a 
minimum ratio of the channel depth to the width below which the sheet flow would be 
valid. The more viscous the material is, a lower ratio of depth to the width is required by the 
sheet flow model to accurately predict open channel flow (Haldenwang et al., 2012). 
On the whole, as far as the author ascertains, a few theoretical and analytical models have 
been proposed for the flow of non-Newtonian material in the open channel and in fact, the 
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analytical modelling of open channel flow is limited to the laminar regime (Kozicki et al., 
1966, Kozicki and Tiu, 1967). Most open channel flow models, with some assumptions, are 
derived from the pipe flow paradigm, incorporating inputs obtained from correlation of 
experimental data (Haldenwang and Slatter, 2006, Haldenwang et al., 2010, Burger et al., 
2015, Coussot, 1994).  
Also, the test fluids used in the previous studies were mainly kaolin and bentonite 
suspensions. Hence, limited experiment using typical tailings has been performed in recent 
years most of which focused only on the channel equilibrium slope (Pirouz et al., 2013, 
Fitton, 2007, Spelay, 2007). Whereas kaolin suspension is a typical non-Newtonian model 
fluid often being used by researchers (Slatter, 1994, Haldenwang, 2003, Burger et al., 2015, 
Burger et al., 2010c, Kabwe et al., 2015). 
The major benefits of this research will be mainly the mining industries and the 
environment. By being able to predict the free surface flow behaviour of non-Newtonian 
mining tailings, maximum workable concentrations could be achieved. Hyper-concentrated 
tailings would result in reduced water and energy consumption, reduced environmental 
impact, and a more accurate design of tailings transport and tailings embankment compared 
to the traditional dilute slurry tailings. Moreover, this study broadens the existing 
understanding of beach slope prediction in the self-formed channel, which is one of the key 
parameters in tailings embankment design and operation.  
Tailings transport and disposal is a significant capital and operational expense for the mining 
industry in Australia and internationally. Improved design can bring considerable economic 
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benefits, and if the use of laminar/transitional flow for transport is a consequence of higher 
concentrations of the solid phase, then reduced water use is an added environmental 
benefit, as is the improved safety that comes from lower tailings mobility of high 
concentration deposits.  The reduced footprint and greater amenability to the rehabilitation 
of the tailings site, when finished, is another significant benefit.  The outcomes of this 
project can directly apply to the design, operation, and optimization of tailings transport and 
disposal operations. 
1.1.2 Aims and Objectives 
The main objective of this study is to develop new analytical models to design thickened 
tailings open channels. This study, however, involves experimental test work using real 
tailings suspensions in addition to kaolin suspensions of various concentrations. The 
analytical model development covers the laminar, transitional and turbulent regimes. On 
this basis, objectives of this study are to evaluate the current knowledge, determine the 
gaps and develop new models which predict the flow behaviour of such fluid in open 
channels. Moreover, this work endeavours to develop an initial understanding of the 
laminar-turbulent transition regime and establish the basics to design a typical open channel 
flow system.  
For this study the following research questions are defined: 
1. How accurately the sheet flow models can predict the flow of high-density thickened 
slurry in the laminar regime? 
2. Is the widely used pipe flow paradigm for non-Newtonian fluids able to predict flow 
of thickened tailings in open channel in the laminar and turbulent ranges?  
3. How to analytically model the flow behaviour of non-Newtonian thickened tailings in 
the laminar regime? 
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4. How different is the transitional flow behaviour of non-Newtonian viscous slurry 
compared to the water and is it possible to predict the flow behaviour in this range? 
5. How to develep an anallitical/semi-analytitcal model to predict the flow of such 
fluids in the turbulent regime? 
6. How to analytically determine the of onset of transitional regimes? 
1.1.3 Research Scope 
This research covers the laminar, transitional and turbulent flow of thickened tailings 
slurries in an open channel.  
This research work excludes the followings: 
 Effect of channel shape on flow behaviour  
 Effect of boundary roughness 
1.2 Thesis Outline 
The thesis consists of the following chapters: 
 Chapter 1 presents an overall introduction, providing the research background, 
research aims, objectives and outlines;  
 Chapter 2 contains the literature review of non-Newtonian flow behaviour and the 
underpinning theories;  
 Chapter 3 presents the project methodology, experimental set-up, and the test 
procedure; 
 Chapter 4 presents the experimental results and existing models validation; 
 Chapter 5 presents the new model development and validation; 
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 Chapter 6 presents the summary of the research outcomes, contribution to the 
current knowledge and conclusion. 
  
 
 
 
 
CHAPTER 2 
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2 Theory And Literature  
2.1 General 
The underpinning theory and literature of non-Newtonian fluid flow in pipes and channels 
of different cross-sections is presented in this chapter. However, the chapter starts with an 
introduction to mining waste and thickened tailings transportation. Then, the definition of 
the different slurry type and slurry flow types is summarized. The literature review covers 
flow of non-Newtonian thickened tailings in channels and pipes. The literature review also 
focuses on the flow of such material in pipes since the theory of open channel flow is 
fundamentally derived from pipe flow (Haldenwang, 2003, Chow, 1959).  
2.2 Mine Waste 
Mining activity involves several consecutive operational units; rock and mineral extraction, 
material size reduction, particle size classification, mineral enrichment, concentrate and 
tailings dewatering, and eventually tailings disposal. A typical mining operation has 
invaluable residue material called the waste. The residue materials can be solid, liquid and 
gaseous wastes. Mine solid wastes can be further classified as mining waste, processing and 
metallurgical waste (Lottermoser, 2010). 
 Mining Waste: mining waste includes overburden, waste rock, and low-grade 
minerals, which are excavated and mined from the surface and underground 
operations. Waste rock is essentially rock wall material removed to access the ore. 
Also, these rocks and minerals may contain lower amounts of valuable minerals, 
which are not economically feasible to process, and are discarded with the mining 
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wastes.  The mining waste always is dry and stored in a waste dump in the vicinity of 
the mine pit or underground mine access. 
 Processing Waste: processing wastes are often called tailings and, depending on the 
ore mineral contents, a considerable amount of the plant feed diverts to the tailings. 
At an early stage of processing, water is often added to the different points of the 
process. Having been diluted by water, a suspension of crushed particles is formed 
that is then introduced to the separation process where the valuable minerals are 
separated from the tailings. Tailings, which are a mixture of the solid particles in 
water, are often required to be dewatered and then placed into the tailings disposal.  
 Metallurgical Waste: processing of metal and industrial ores produces an 
intermediate product, mineral concentrate, which is the input to extractive 
metallurgy. Extractive metallurgy is largely based on hydrometallurgy and 
pyrometallurgy, and to a lesser degree on electrometallurgy (Lottermoser, 2010). 
Depending on the process, hydrometallurgy leaves either coarse dry waste stored in 
a heap or dump without further treatment or fine wetted waste which is required to 
be dewatered and subsequently transferred to the tailings impoundment.  
The processing waste, known as tailings, is the main invaluable material, amongst all waste 
material, left from a mining operation. In a typical iron ore mining operation, over 60% of 
the material introduced to the processing plant is diverted to the tailings. This ratio is even 
greater up to over 90% for copper processing. Unlike mining and metallurgical waste, 
process tailings are often a mixture of particles and water.  Hence, handling, transport and 
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secure disposal of this huge amount of tailings are always a main environmental concern for 
any mining operation.  
2.3 Tailings Dewatering 
With few exceptions, mineral processing plant tailings are dewatered. The dewatering is to 
recover the retained water from tailings suspensions to reduce the freshwater usage that is 
required to compensate for the losses. A range of various processes and equipment are 
industrially used that one can classify broadly into three groups (Wills and Napier-Munn, 
2006):   
 Sedimentation 
 Filtration  
 Thermal Drying 
Sedimentation, in particular, gravity sedimentation, is the most widely applied dewatering 
technique in mineral processing dewatering (Wills and Napier-Munn, 2006). Gravity 
sedimentation is also known as Thickening and the typical equipment of this group is known 
as a “thickener”. Thickening is a relatively cheap, high capacity process. Conventional 
thickener, High Rate Thickener, High Density/Compression thickener and Paste thickener are 
various types of thickeners which are frequently used in the mining industry.  
With the emergence of synthetic chemical material being added to thickening process; 
thickening technology has significantly advanced over the last two decades. The modern 
thickener (e.g. paste and high-density thickeners) can produce hyper-concentrated 
thickened tailings with unsheared yield stresses up to 150 Pa. 
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2.4 Tailings Storage 
The disposal of processing tailings is a major environmental issue. Environment 
contamination, the risk of chemical material leakage to the environment and secure storage 
of the material are the main concerns. It is even becoming more pressing and serious 
problem with increasing exploration for metal and the processing of lower-grade deposits. 
Therefore, tailings disposal schemes should satisfy all environmental requirements.  
The tailings disposal and storage methods have been continuously improving. These 
improvements are mainly driven by the environmentally demanding regulations and fresh 
water availability. However, ongoing advances in tailings dewatering technology, changing 
milling practice, and realization of profitable applications also enforce the tailings disposal 
method upgrade. Early methods discharging tailings into rivers, lakes and even the sea, are 
still happening in some operations. Because of such damages to the environment and 
several recent embankment failures leading to downstream community and environmental 
disaster, legislation has been passed in many countries to supersede such operations with 
more environmentally friendly alternatives to curb potential damages.   
In a typical tailings impoundment storage facility the tailings slurry is discharged from many 
pipe outlets (known as spigots). The discharge spigots are arranged at certain intervals 
around the perimeter of the impoundment. The solid particles in the slurry typically settle 
soon after they are discharged from the spigot, and together they form a beach at the point 
of discharge that slopes towards the middle of the impoundment (Fitton, 2007).  
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Tailings disposal basin geometry is adopted based on the tailings characteristics, tailings 
tonnage, and terrain topography. They may take a variety of forms, but all are characterized 
by the fact that they retain or impound fine-grained material which is usually deposited 
hydraulically, either as a slurry of low viscosity, or a more viscous thickened tailings 
(Lottermoser, 2010). The followings are the typical tailings disposal impoundments: 
 Cross-valley impoundments: An embankment or dam is constructed across a river 
valley by boulder rock filling, or the coarse portion of tailings and the waste is used 
to fill the volume behind the embankment. Figure 2.1 depicts cross-valley 
impoundment with the other elements of a tailings dam in Sungun Copper mine in 
Iran. The cross-valley design is similar to the layout of a conventional water storage 
reservoir. Ideally, this type of impoundment should be constructed at the head of 
the drainage basin to minimize surface water inundation. 
The side-hill design as one type of cross-valley design relies on containment by 
embankments on three sides, which is similar to the ring dyke configuration but does 
not require complete containment due to the impoundment being situated on an 
inclined area. 
 Ring-dyke (Cells, Paddocks) impoundments: An embankment is constructed to 
enclose a space which is then used to contain the waste (Figure 2.2). Impoundments 
are usually constructed on a fairly level ground, but a side hill ring dyke may be 
constructed on sloping ground, in which case the closing side of the impoundment is 
formed by the slope of the natural ground (Partial ring-dykes). 
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 Dry Stacking: one increasingly practical method of tailings disposal, particularly in 
arid regions suffering from fresh water supply and extreme evaporation, is Dry 
Stacking. In this method, the tailings is filtered by using different types of filter, 
which is, mainly press filter and is stacked, layered and finally compacted. This cake 
still carries moisture, but at a content below saturation (Fitton, 2007). 
 Backfill Disposal: In some cases, it is practical to store the tailings back into an open 
pit or an underground mine that has been already mined out. This method is seen 
more in the underground mines where the extracted area is required to be filled to 
prevent wall collapse.  
 
Figure 2.1 Cross-Valley Tailings Impoundment built of rock to contain copper tailings, Sungun Copper Mine, 
Iran 
Stored Tailings 
Decanted Water 
Pontoon Pump Station 
Cross-Valley Embankment 
Spigots 
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Figure 2.2 Ring-Dyke Tailings Impoundment to contain tailings, (Courtesy Detour Gold) 
2.5 Tailings Transport 
Tailings Disposal areas are often far from the processing plants where the dewatered 
tailings are produced. Therefore, the tailings are required to be transported to the tailings 
area. Tailings can be hydraulically transported through open channels and pipelines (Figure 
2. 3).   
The flume can be either artificial concrete channel or self-formed channels in natural 
valleys. The artificial channel brings the advantage of a confined boundary preventing any 
contaminated material spillage into the environment. Amongst various channel cross 
sections, rectangular and trapezoidal concrete channels are frequently constructed for 
tailings transportation. 
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(a) 
             
(b) 
Figure 2. 3. (a) Concrete open channel flume and steel pipeline transferring copper tailings (Sarcheshmeh 
Copper Mine, Iran)  (b) Natural Valley thickened tailings transportation to the tailings disposal  
2.6 Slurry Type and Slurry Flow Type 
Earlier scientific study divided the slurry type into four groups based on the particles size. 
This classification was then refined by some researchers to take other aspects of 
suspensions (e.g. particle interaction, rheology of flow, etc.) into consideration. The most 
recent slurry classification defines the followings categories (Paterson and Gooseb, 2015): 
 Heterogeneous slurries 
 Homogeneous non-Newtonian slurries 
 Dense phase mixture 
 Mixed-regime slurries   
The operation in which the slurry has been processed through can be an indication of the 
type of slurry. For example, the slurries which are thickened by paste thickeners are often 
mixed-regime slurries with non-Newtonian carrier fluid while suspensions thickened by a 
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cyclone are dense phase mixtures. In Table 2. 1 the slurry type thickened in different types 
of thickener are shown. 
Table 2. 1.  Slurry type based on the thickener type 
In addition to the different types of slurry, the slurry flow can also be different. The type of 
slurry flow varies depending on several factors such as the flow regime, particle settling, 
particle size, solids content and carrier flow rheology. Table 2.2 lists the various types of 
slurry flow encountered in mining industries (Javadi et al., 2014).  As seen, the slurry flow 
types are Homogeneous, pseudo-homogeneous, heterogeneous and stratified.  
The dominant criterion in slurry transport system design is to eliminate eventual particle 
settlement. Differently stated, slurry pipelines and open channels must not operate under 
any conditions leading to the pipe blocking or channel overtopping that is occur when the 
slurry flow is either zone settling or settling. On this basis, as shown in Table 2. 2, 
homogeneous and pseudo-homogeneous flow are the preferred flow type in which the 
particle deposition is not expected. Nevertheless, a heterogeneous or stratified flow type is 
applicable under certain circumstances. 
Criteria 
Unthickened 
Tailings 
Conventional 
Thickener 
High Density/Compression 
Thickener 
Paste Thickener 
Yield Stress Pa < 5 Max 20 Max 100 Over 100 
Slurry Type Settling Slurry Settling Slurry 
Mixed Slurry 
Non-Settling Slurry 
Mixed Slurry 
Non-Settling Slurry 
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Table 2. 2 Slurry Flow Categories (Javadi et al., 2014) 
Figure 2. 4 and Figure 2. 5 illustrate the hydraulic flow behaviours of slurry types. Any slurry 
flow type follows one of the plots shown in these two figures, plotting pressure gradient 
versus average velocity. For settling and stratified slurry flow,  a hook-shape plot of pressure 
gradient against velocity is reported as shown in Figure 2. 4. For this type of slurry flow, a 
minimum velocity which corresponds to the minimum pressure gradient is denoted as Vsm. 
At this velocity, the particles start settling and, therefore to prevent material deposition, the 
operational velocity should be greater than Vsm. 
Slurry Flow Type 
Solid Content 
By Volume 
Particle Size Flow Regime Fluid Type Deposition Size Degradation 
Homogeneous 
Medium to 
 High 
Fine to 
Medium 
Transitional to 
Turbulent 
Non-
Newtonian 
Non 
Settling 
Non 
Segregating 
High 
Fine to 
Medium 
Transitional and 
Turbulent 
Non-
Newtonian 
Non 
Settling 
Non 
Segregating 
Pseudo-
Homogeneous 
Low to 
Medium 
Fine to 
Medium 
Turbulent Newtonian 
Non 
Settling 
Non  
Segregating 
Heterogonous 
Medium  
Fine to 
Medium 
Laminar 
Non-
Newtonian 
Zone 
Settling 
Non 
Segregating 
Low to 
Medium 
Medium to 
Coarse 
Laminar to 
Transitional 
Newtonian Settling Segregating 
Stratified 
Low to  
Medium 
Medium to 
Coarse 
Laminar Newtonian Settling Segregating 
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Figure 2. 4. Hook-shaped plot associated with flow Settling Slurry (Paterson and Gooseb, 2015) 
The second type is relevant to the flow of homogeneous and pseudo-homogeneous 
material. Plots of the pressure gradient versus the average velocity consist of two regions 
corresponding to the laminar and turbulent regimes. For this type of slurry, the 
transportation system is often designed to operate slightly above the transitional velocity. 
The transitional velocity locus is the plot deflection point. However, the laminar regime will 
be a viable option under some circumstances. The transitional velocity at which a 
transportation system can operate safely without any blockage is denoted as Vt.  
2.7 Newtonian and non-Newtonian Fluids 
Fluids can be classified in two different ways; either according to their response to an 
externally applied pressure or based on their reaction to an applied shear stress. The first 
classification leads to the so-called ‘compressible’ and ‘incompressible’ fluids, depending 
upon whether or not the volume of an element of fluid is dependent on the applied 
pressure. This classification is extensively employed for gasses, while liquids are often 
regarded incompressible.  From the latter classification perspective, fluids are categorised as 
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either Newtonian or non-Newtonian fluids (Chhabra and Richardson, 2008). This 
classification is broadly used to classify the liquids.  
 
Figure 2. 5. Pressure gradient vs average velocity associated with Slow Settling non-Newtonian Slurry Flow 
(Paterson and Gooseb, 2015) 
Figure 2. 6 shows a thin layer of a fluid between two parallel planes with dy distance apart. 
Under steady state conditions, the layer is sheared by applying a force of F which will be 
balanced by an equal and opposite internal friction force in the fluid.  The resulting shear 
stress is equal to the product of shear rate ?̇? and the liquid viscosity 𝜇 provided that a 
Newtonian liquid is sheared in the laminar regime.  The shear rate can be expressed as the 
velocity gradient in the direction perpendicular to that of the shear force. The shear stress 𝜏 
is presented as follows: 
𝐹
𝐴
= 𝜏𝑦𝑥 = 𝜇 (−
𝑑𝑉𝑥
𝑑𝑦
) = 𝜇?̇?𝑦𝑥 (2.1) 
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Figure 2. 6 Scheme of Newtonian fluid shear by applying force of F (Chhabra and Richardson, 2008) 
Note that the first subscript on both 𝜏𝑦𝑥 and ?̇?𝑦𝑥 indicates the direction normal to that of the 
shearing surface, whilst the second subscript refers to the direction of the force and the 
flow. 
For a Newtonian fluid, the viscosity 𝜇 (or the ratio of the shear stress to the shear rate) is 
independent of shear rate and shear stress. This property of a Newtonian fluid, which is 
called Newtonian viscosity, depends only on the material and changes with temperature 
and pressure.  A typical example of a Newtonian fluid is water with a viscosity of 0.001 Pa.s 
at 20 ° Celcius. 
A non-Newtonian fluid is one whose rheogram is non-linear or not passing the origin. The 
apparent viscosity, shear stress divided by shear rate, therefore is not constant at a given 
temperature and pressure. In other words, non-Newtonian materials apparent viscosity 
depends on flow conditions such as flow geometry, shear rate, etc. and sometimes even on 
the kinematic history of the fluid element (Chhabra and Richardson, 2008). This material 
may fall into one of the followings groups: 
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 Time-independent material: apparent viscosity of this material at any given shear 
rate poses a constant value and does not vary with the shearing time. 
 Time-dependent material: apparent viscosity of these materials depends on the 
shearing duration and the kinematic history of flow 
 Visco-elastic material: materials exhibit a combination of ideal fluid and solid 
characteristics.  
 
Figure 2. 7. Comparison of different types of non-Newtonian an Newtonian materials (Chhabra and 
Richardson, 2008) 
2.8 Thickened Tailings Rheology 
Tailings, in general, exhibits non-Newtonian behaviour with a yielding point (Govier and 
Aziz, 1972, Dzuy and Boger, 1983, Shi and Napier-Munn, 1996, Coussot and Boyer, 1995, 
Zhou et al., 1999, Gawu and Fourie, 2004, Slatter et al., 2010). Among the non-Newtonian 
mathematical models, the Herschel-Bulkley fits very closely the flow behaviour of  a broad 
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range of suspensions including sewage sludge and thickened tailings. However, it has also 
been reported that accuracy of this model deteriorates at high strain rate, which may or 
may not vary significantly, depending upon the application. The Herschel-Bulkley model 
describes the behaviour of yield-pseudo-plastic fluids and given as (Chhabra and Richardson, 
2008): 
𝜏 = 𝜏𝑦 + 𝐾?̇?
𝑛 (2.2) 
Where τ = shear stress; 𝜏𝑦= yield stress; K and n are fluid parameters and ?̇? = strain rate 
The rheology of the suspension is mainly driven by the particle-particle, particle-liquid and 
liquid-liquid interactions (Mewis and Wagner, 2012, Derakhshandeh et al., 2010). Ore 
mineralogy, level of grinding, fine material content, type and dose of flocculant added into 
the thickening process, solids content, particle density, shearing time, etc. are factors 
affecting these interactions at varying levels. In some material, slight changes in these 
factors can incur significant changes in rheological behaviour (Gawu and Fourie, 2004).  
Particles size and particle content, however, are two dominating factors largely impacting 
the suspension rheology. Chun et al. (2011) found that the percentage of colloid-sized 
particles in nuclear waste slurry appears to be a key factor influencing rheological 
characteristics. It was shown that the percentage of particles smaller than five micrometers 
is likely correlated to increases in yield stress for these slurries (Chun et al., 2011).  
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The effect of particle size on the inter-particle forces and surrounding fluid are varied with 
the level of shear rate and suspension solids concentration. At relatively small shear rate, 
the fine particles experience colloidal forces that originate from van der Waales attraction 
while coarse fraction has direct frictional or collision contacts (Ancey and Jorrot, 2001). 
Furthermore, any increase in the fine particle content leads to an increase of yield stress for 
both dilatants and pseudo-plastic slurry (Shi and Napier-Munn, 1996). 
2.9 Flow Regimes 
When fluid moves through a pipe, its behaviour can be described by the Reynolds number 
(Granger, 2012): 
𝑅𝑒 =
𝜌𝑉𝐷
𝜂
 
(2.2) 
Where the characteristic length is the inner diameter of pipe  D, V is the average velocity , ρ 
and η are fluid density and viscosity respectively. Three basic types of flow are possible, 
each possessing different characteristics of behaviour. 
The first type is called laminar flow, where the fluid flows in a well-behaved fashion in 
smooth laminae. In laminar flow, a fluid particle stays in the laminae layer as long as the 
flow remains laminar. The precise definition of laminar flow will be presented later, but for 
the present, it is sufficient to say that a laminar flow is one where the trajectory of a fluid 
particle is predictable, not random or unstable (Granger, 2012).  
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The second type of flow is called transitional flow. During transitional flow, the fluid particle 
moves from its well-behaved laminar into other adjacent layers in a somewhat oscillatory 
manner that grows in amplitude and quickly produces an unstable pattern. The spatial zone 
of transitional fluid flow is exceedingly small compared to the spatial zones of the other two 
types of flow (Granger, 2012). The third and last type of flow is called turbulent flow. The 
fluid particles move in all three directions most often in an irregular fashion.  
2.10 Open Channel and Pressurized Flows 
Liquids are transported from one location to another using natural or constructed 
conveyance structures. The cross section of these structures may be open or closed at the 
top. The structures with closed tops are referred to as closed conduits and those with the 
top open are called open channels. For example, tunnels and pipes are closed conduits 
whereas rivers, streams, estuaries, etc. are open channels. The flow in an open channel or in 
a closed conduit having a free surface is referred to as free-surface flow or open-channel 
flow (Chaudhry, 2008).  
The free surface is usually subjected to atmospheric pressure. Groundwater or subsurface 
flows are excluded from the present discussions. If there is no free surface and the conduit 
is flowing full, then the flow is called pipe flow, or pressurized flow (Figure 2. 8) 
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(a)              (b) 
Figure 2. 8. Pressurized Flow (a) and Free Surface Flow (b) (Chaudhry, 2008) 
2.11 Open Channel Flow Models 
2.11.1 Kozicki and Tiu (1966) and Kozicki et al. (1967)  
For the laminar flow of non-Newtonian fluid, the work by Kozicki and Tiu (1966) and Kozicki 
et al. (1967) introduced two general equations to predict the flow rate and maximum 
velocity of laminar and imcompressble flow in open channels. The flow was assumed to be 
isothermal, steady, uniform through ducts of arbitrary cross section. The equations 
incorporate two parametric constants which characterize the channel shape. The numerical 
values of the geometric parameters were determined for circular, slit, concentrically 
annular, rectangular, elliptical and triangular ducts.  
The models were based on an extension from the Rabinowitsch and Mooney for the flow 
through circular and slit cross sections (Kozicki et al., 1966). The Robinowitch –Mooney 
equation applicable to flow through circular cross-sections and parallel plates may be 
expressed in the following form which excludes the slip velocity at the wall: 
𝑓(𝜏𝑤) = ?̇? =
𝑑𝑢
𝑑𝑦
= 𝑎𝜏𝑤
𝑑(
2𝑉
𝑅ℎ
)
𝑑𝜏𝑤
+ 𝑏
2𝑉
𝑅ℎ
 
(2.6) 
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Where  
 ?̇?:  Shear Rate (1/s) 
 𝜏𝑤: Wall Shear Stress (Pa) 
 V: Average Velocity (m/s) 
 𝑅ℎ: Hydraulic Radius (m) 
And  the geometric coefficients of a and b are given by: 
 a=1/2, b=1 for the slit flow 
 a= 1/4, b=3/4 for the circular geometry 
For any arbitrary cross section, it is assumed that a generalized equation could be written as 
follows. 
1
𝑝
∮ 𝑓(𝜏𝑤)𝑑𝑠
𝑝
= 𝑎𝜏0
𝑑(
2(𝑉 − 𝑉0)
𝑅ℎ
)
𝑑𝜏0
+ 𝑏
2(𝑉 − 𝑉0)
𝑅ℎ
 
(2.7) 
𝜏0 =
1
𝑝
∫(𝜏𝑤)𝑑𝑠 
Where 
V0:  Average slip velocity (m/s) 
                τ0: Average wall stress (Pa) 
p: Wetted perimeter (m) 
Replacing equation 2.8, which is derived from the momentum balance, into equation 2.7, 
after some manipulations, equation 2.9 is yielded.  
𝜏𝑜 = 𝜌𝑔𝑅ℎ𝑠𝑖𝑛𝛼 (2.8) 
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2(𝑉 − 𝑉0)
𝑅ℎ
=
1
𝑎
𝜏−𝑏/𝑎 ∫ 𝜏
𝑏
𝑎−1𝑓(𝜏)𝑑𝜏
𝜏0
𝜏𝑦
 (2.9) 
Table 2. 3 tabulates a, b geometric coefficient for rectangular and semi- elliptical open 
channel with different W/D ratio. Values and expressions to determine geometry 
coefficients of a and b for the different cross section are completely presented in their 
papers. 
Table 2. 3 Kozicki-Tiu model a, b geometric coefficient for channel with different W/D ratio (Kozicki and Tiu, 
1967) 
Rectangular Open Channel Semi-Elliptical Open Channel  
Channel Width/2* 
Channel Depth 
a b 
Ratio of Semi-
Axes 
A b 
1 0.2123 0.6759 0.00 0.3085 0.9253 
2 0.2439 0.7276 0.10 0.3018 0.9053 
3 0.2867 0.7817 0.20 0.2907 0.8720 
4 0.3212 0.8182 0.30 0.2796 0.8389 
5 0.3472 0.8446 0.40 0.2702 0.8107 
6 0.3673 0.8446 0.50 0.2629 0.7886 
7 0.3828 0.8787 0.60 0.2575 0.7614 
8 0.3951 0.8911 0.70 0.2538 0.7614 
9 0.4050 0.9010 0.80 0.2515 0.7546 
10 0.4132 0.9097 0.90 0.2504 0.7510 
50 0.4806 0.9895 1.00 0.2500 0.7500 
∞ 0.5000 1.000 … … … 
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Furthermore, a new generalized Reynolds number, 𝑅𝑒∗, was so defined that the relationship 
𝑓 =
16
𝑅𝑒∗
 was applicable to fully developed laminar flow in arbitrary channel of constant 
cross-section. The generalized Reynolds number is given as:  
𝑅𝑒 =
2(𝑉 − 𝑉0)
2−𝑛∗𝑅ℎ
𝑛∗
2𝑛
∗−3𝑘∗
 (2.10) 
Where 𝑛∗ , 𝑘∗ are defined using the relations developed by Metzner-Reed and given as: 
𝑛∗ =
𝑑𝑙𝑛 𝜏0
𝑑 𝑙𝑛(
2(𝑉 − 𝑉0)
𝑅ℎ
)
 
(2.11) 
𝑘∗ =
𝜏0
(
2(𝑉 − 𝑉0)
𝑅ℎ
)
 
For turbulent flow regime, Kozicki and Tiu (1967) modified the Dodge-Metzner equation to 
the revised method for non-Newtonian power-law fluid through open channel which 
appears as: 
1
√𝑓
=
4
𝑛0.75
𝑙𝑜𝑔[𝑅𝑒𝑓1−𝑛/2] −
4
𝑛1.2
+ 4𝑛0.25𝑙𝑜𝑔 [
4(𝑎 + 𝑏𝑛)
1 + 3𝑛
] (2.12) 
2.11.1.1 Haldenwang et al. (2003, 2007, 2010)  
Haldenwang (2003) studied the flow behaviour of homogeneous non-Newtonian fluid 
experimentally. A 10-m length and a 5-m length rectangular channels with varying width 
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were utilized. Channel width was adjustable by placing a partition mid-section lengthways 
down the flume. This flume can be tilted at various slopes up to 5° from horizontal. The 
flume was fitted with a variable speed positive displacement pump recirculating slurries 
from the mixing to inlet tanks of the flume.  The flow rate of material was measured by a 
magnetic flow meter fitted on the pipe before the inlet tank.  
The test work involved the flow of two suspensions and one single phase fluid posing non-
Newtonian features in a rectangular flume. Suspensions of Kaolin as Herschel-Bulkley, 
Bentonite as Bingham Plastic and CMC as power law fluid at varying solids concentrations 
were utilized (Haldenwang, 2003).  
The rheology of material was measured by an in-line tube viscometer fitted with the flume 
loop. The tube viscometer consisted of three tubes of different diameters, 13, 28, and 80 
mm. Each of the three tubes was fitted with an electromagnetic flow meter and two 
differential pressure transducers across a fixed length.  
In the laminar region, a Reynolds number was developed using the Reynolds number 
formulation proposed by Slatter (1994) for pipe flow.  The new Reynolds number 𝑅𝑒2 in open 
channel was defined as follows: 
𝑅𝑒2 =
8𝜌𝑉2
𝜏𝑦 + 𝐾(
2𝑉
𝑅ℎ
)𝑛
 (2.15) 
Having the new Reynolds number and Darcy-Weisbach friction factor equation, a new 
friction factor was given as: 
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𝑓𝑓 =
2 × 𝑔
𝐵 × 𝐻
2𝐻 + 𝐵 ×
1
𝑠𝑙𝑜𝑝𝑒
𝑉2
 
(2.16) 
In the turbulent regime, a model was also proposed based on the turbulent flow model 
presented by Slatter (1994) for the pipe flow. The model gives the average velocity using the 
apparent viscosity at shear rate of 500 1/sec and is given:  
𝑉 = 𝑅𝑒∗(2.5 𝑙𝑛
2𝑅ℎ
𝐾
− 76.86𝜇𝑎𝑝𝑝 (500) − 9.45) (2.17) 
With            𝑅𝑒∗ = √𝑔𝐻𝑠𝑖𝑛𝛼 (2.18) 
and              𝑅ℎ =
2𝐵𝐻
2𝐻+𝐵
 (2.19) 
The Fanning friction factor for turbulent regime  is defined as follows: 
𝑓 = 0.66 ×
2𝑔𝐻𝑆𝑖𝑛𝛼
𝑉2
 (2.20) 
Furthermore, two criteria were developed to predict the onset of transitional and fully 
turbulent flow. The criteria were derived from the curve fitting of the two dimensionless 
parameters of Reynolds and Froude numbers. The premise of Haldenwang’s approach was 
that the point of inflections on a plot of the Froude number against the Reynolds number 
for a range of flow rates of a particular fluid in a fixed channel marked the onsets of 
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transitional range from the laminar to the transition and from the transition to the fully 
turbulent flow. The models were as follows: 
𝑅𝑒𝑐 =
200
𝜇𝑎𝑝𝑝(100)0.21
𝐹𝑟 +
71
𝜇𝑎𝑝𝑝(100)0.75
 (2.21) 
𝑅𝑒𝑐(𝑡𝑢𝑟𝑏) =
105
𝜇𝑎𝑝𝑝(500)0.52
𝐹𝑟 +
108
𝜇𝑎𝑝𝑝(500)0.65
 (2.22) 
With            𝐹𝑟 =
𝑉
√𝑔𝐻
 (2.23) 
2.11.1.2 Burger et al. (2010a, 2010c)  
Burger et al. (2010) investigated the effect of channel shape on the friction factor-Reynolds 
number relationship in the laminar regime of non-Newtonian flow. The investigation 
involved a series of channel loop test conducted on kaolin, bentonite suspension and CMC 
solution using flume with different cross section (Burger et al., 2010a). Their investigation 
revealed that open channel flow does differ from pipe flow and that the pipe flow paradigm 
of f= 16/Re used previously by Haldenwang et al. (2002,2003) for non-Newtonian laminar 
flow in open channels of different cross-sectional shapes was incorrect (Haldenwang et al., 
2002, Haldenwang, 2003).  With the Haldenwang et al. (2002) definition for Re in the f vs Re 
relationship, it was found that f= K/Re was more appropriate in describing non-Newtonian 
flow in open channels provided that the appropriate flow curve model was used to describe 
the non-Newtonian property of the fluid. In an open channel f and Re are given by: 
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𝑓 =
2𝑔𝑅ℎ𝑠𝑖𝑛𝛼
𝑉2
 
(2.24) 
𝑅𝑒2 =
8𝜌𝑉2
𝜏𝑦 + 𝐾(
2𝑉
𝑅ℎ
)𝑛
 
(2.25) 
Where Rh is the hydraulic radius defined as the ratio of channel cross section area to wetted 
perimeter.  
Substituting equations (2.24) and (2.25) into f= K/Re leads to an expression for K in terms of 
channel parameters and fluid flow properties. For a fluid of known properties flowing in an 
open channel of fixed slope at a given velocity, K would be solely dependent on the channel 
shape through A/P. This general conclusion ties in with the same conclusion made by Straub 
et al. (1958) for Newtonian fluids (Straub et al., 1958). K values evaluated from experimental 
records for channel with different cross section are as follows. 
Channel Shape:    K (Overall Average) 
Triangular (Vertex Angle 90°)   14.6 
Semi-Circular     16.2 
Rectangular     16.4 
Trapezoidal (Vortex Angle 60°)  17.6 
A complete data set for non-Newtonian fluid flow through the open channel with various 
cross section was reported (Burger et al., 2010c). The data set consists of flow of CMC 
solution, kaolin and bentonite suspensions at varying solids concentration flowing through a 
10-m-long semi-circular, triangular, trapezoidal and rectangular channel. The test materials 
are listed in Table 2. 4. 
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Table 2. 4 Test Material Properties (Burger et al., 2010c) 
Concentration (% vol.) 
Density 
(kg.m
3
) 
Τy (Pa) k (Pa s
n
) n 
CMC solutions 
1.5 1008 - 0.014 0.944 
2.0 1013 - 0.035 0.766 
3.0 1018 - 0.145 0.788 
3.1 1018 - 0.091 0.823 
4.0 1023 - 0.330 0.727 
4.9 1028 - 0.599 0.690 
5.3 1028  0.920 0.687 
Bentonite in water suspenstions 
3.5 1022 3.00 0.0036 1 
4.5 1027 4.30 0.0036 1 
4.8 1029 5.66 0.0036 1 
4.9 1030 5.2 0.0040 1 
5.4 1033 7.25 0.0038 1 
6.2 1038 15.78 0.0064 1 
6.8 1042 18.34 0.0078 1 
Kaolin in water suspensions 
3.4 1056 1.30 0.051 0.568 
3.5 1058 0.50 0.061 0.560 
5.0 1082 3.58 0.060 0.630 
5.4 1089 4.40 0.084 0.582 
7.0 1115 8.18 0.142 0.570 
7.1 1117 11.60 0.148 0.557 
9.0 1148 19.00 0.210 0.616 
9.2 1152 18.90 0.194 0.550 
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2.11.1.3 Burger et al. 2015 
Burger et al. (2015) proposed a model to predict the friction factor for the turbulent flow of 
non-Newtonain fluids in channels with different cross section. The model is similar to the 
Blasius equation (𝑓 = 0.079𝑅𝑒−0.25) which was defined for the flow of water in a circular 
pipe. Adopting the modified Balsius equation given in Eq. (2.26), different values for a and b 
were obtained for the different channel shapes that are presented  in Table 2. 5.  
𝑓 = 𝑎𝑅𝑒𝐻
𝑏
 (2.26) 
Table 2. 5 a and b obtained for channel with different cross-sectional shape  
 Channel Shape a b 
Rectangular 0.1200 -0.3297 
Semicircular 0.0480 -0.2049 
Trapezoidal 0.0851 -0.2655 
Triangular 0.0415 -0.2022 
2.11.1.4 Wilson 1991 
Wilson (1991) presented two distinctive practical approaches to model the flow of settling 
(Heterogeneous) and non-settling (Homogeneous) slurry through the flume. The study 
mainly focused on the particle transport, and it was claimed that practical design rules could 
be set up to ensure that the average velocity, or shear velocity, or both exceed the specified 
minimum values.  
Therefore, given the high shear rate of supercritical flows in flumes, this flow range is 
recommended for a practical flume operation. It was understood that the supercritical flows 
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are less susceptible to deposition than subcritical flows. Although there is no difficulty with 
the supercritical flow in straight channels, care must be taken at changes of alignments, 
which produce surface waves in supercritical flows. Thus, bends should be provided with 
sections of higher freeboard, or even be completely enclosed (Wilson, 1991). 
The first approach which is based on Faddick’s work utilizes the minimum Fr number of 1.2 
where the flow is supercritical. The Manning equation is adapted to calculate channel slope. 
In fact, the method just has been outlined to be an approximate one, as it does not take into 
account either the properties of carrier fluid or those of particles prone to settling (Wilson, 
1991). Therefore, this method without any rheological inputs cannot seem to model the 
flow of hyper-concentrated thickened tailings accurately. 
The second design approach proposed by Wilson (1991) seems to be more suitable for non-
Newtonian fluids. The approach is similar to the pipe design developed by Rabinowitsch-
Mooney that the scale-up of the pipe loop results is utilized to predict the flow of non-
Newtonian fluid in full-scale pipe. Figure 2.10 illustrates the plot of data obtained from clay-
water slurry in a 203 mm pipe at GIW Hydraulic Laboratory, Augusta, GA, USA.  
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Figure 2. 9. plot of wall shear stress versus nominal shear rate (Wilson, 1991) 
The straight section of the curve with a slope less than unity (slope for a Newtonian fluid is 
unity) in logarithmic axes represents the laminar flow. Turbulent flows, on the other hand, 
plot as a series of essentially parallel lines (one for each pipe diameter) with a common 
slope of approximately two. Intercept of laminar flow plot with turbulent flow plot defines 
the locus of laminar/transition point. The solid line represents measured records of pipe 
loop test in a 203 mm pipe and dashed line is extrapolated for the 500 mm diameter pipe. 
Wilson (1991) claimed that for each value of wall shear stress, the turbulent velocity of 𝑉1, 
in the experimental pipe of size 𝐷1 can be scaled to velocity 𝑉2 in a similar pipe of size 𝐷2 by 
use of the equation: 
𝑉2 = 𝑉1 + 2.5 𝑈∗ ln(
𝐷2
𝐷1
) (2.27) 
Where 𝑈∗, is shear velocity. Wilson (1991) argued that use of this method with the 
equivalent diameter of flume, 𝐷𝑒, in place of 𝐷2 can provide a reasonable estimate of the 
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laminar-turbulent transition velocity for the flume. This velocity is required to ensure that 
the flow is turbulent.  
For the rough boundaries, Wilson proposed that a complicated friction formulation such as 
Colebrook-White equation is required and it can be written as: 
𝑉
𝑈∗
= −2.43ln (
𝑒
3.7𝐷𝑒
+
0.89µ𝑓
𝜌𝑓𝑈∗𝐷𝑒
) (2.28) 
Here, 𝑒  is roughness size and µ𝑓 is fluid viscosity. For a non-Newtonian fluid, µ𝑓 must be 
replaced by the equivalent viscosity, µ𝑒. This is the viscosity which would be possessed by a 
Newtonian fluid (of the same density) which gives a smooth-wall friction factor the same as 
that obtained by testing the non-Newtonian fluid and depends on the shear velocity. 
The remaining point is to ensure that the shear velocity exceeds the lower limit needed to 
prevent particle settling. As shown in Figure 2. 10, the shear velocity exhibits a minimum 
value at which deposition has already taken place, and thus the allowable lower limit for 𝑈∗ 
must be significantly greater which can be provided by applying afactor of 1.2. The lowest 
limit of shear velocity depicted in Figure 2. 10, is lower at higher solids concentration. 
Hence, given the high solids concentration of the mining tailings, the flume can be designed 
to operate at lower velocity. In other words, the concentrated slurry has fewer tendencies 
to deposit. 
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Figure 2. 10 plots of equivalent viscosity versus shear velocity for limestone slurries (Wilson, 1991) 
2.11.2 Pipe Flow Models 
2.11.2.1 Metzner and Reed (1955)  
Metzner and Reed (1955) developed a generalized Reynolds number for any time-
independent fluid (Metzner and Reed, 1955).  The Reynolds number was derived from the 
following power law equation. 
𝜏𝑤 = 𝐾
′(
8𝑉
𝐷
)𝑛
′
 (2.29) 
Where 𝜏𝑤 is the wall shear stress, D is pipe internal diameter, V average velocity and K’ and 
n’ are the flow characteristics parameters. n’ is the slope of log-log plots of wall shear stress 
(𝜏𝑤) versus bulk shear rate (
8𝑉
𝐷
). To define the Reynolds number in the laminar regime, it is 
assumed that the relation of the Reynolds number and friction factor (f) is in the same way 
as is for Newtonian fluids, i.e.  
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𝑓 =
16
𝑅𝑒𝑀𝑅
  (2.30) 
Then, 𝑅𝑒𝑀𝑅 is the generalized Reynolds number given by: 
𝑅𝑒𝑀𝑅 =
𝜌𝑉𝐷
𝐾′(
8𝑉
𝐷 )
𝑛′−1
=
8𝜌𝑉2
𝐾′(
8𝑉
𝐷 )
𝑛′
=
8𝜌𝑉2−𝑛
′
𝐷𝑛
′
𝐾′8𝑛
′−1
 (2.31) 
2.11.2.2 Chilton and Stainsby (1998)  
Chilton and Stainsby (1998) proposed a set of models for simulation of laminar and 
turbulent flow of Herschel-Bulkley fluids in pipes. The test fluids were sewage sludge and 
kaolin suspension exhibiting Herschel-Bulkley rheological behaviour (Chilton and Stainsby, 
1998). A new Reynolds number was proposed, which was equivalent to the Metzner-Reed 
Reynolds number in the laminar regime.   
In the laminar regime, the model was derived in a manner analogous to that leading to 
Hagen-Poiseuille equation for Newtonian flows. The starting point was the rheological 
models of the fluid, and the velocity profile was obtained by rearranging the rheological 
model and integrating the strain over the pipe radius. Adopting the Herschel-Bulkley model 
as non-Newtonian fluid rheological model, Chilton and Stainsly. (1996) presented such an 
integration, which is a simpler version of that first presented by Govier and Aziz (1972) and 
later by Lazarus and Slatter (1988) (Lazarous and Slatter, 1988). The resulting equation for 
the pressure loss is: 
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∆𝑃
𝐿
=
4𝐾
𝐷
(
8𝑉
𝐷
)
𝑛
(
3𝑛 + 1
4𝑛
)
𝑛
(
1
1 − 𝑋
) (
1
1 − 𝑎𝑋 − 𝑏𝑋2 + 𝑐𝑋3
)𝑛  (2.32) 
Where K, n are fluid parameters and X is the ratio of yield Stress to wall shear stress,  a, b 
and c is given by: 
𝑎 =
1
(2𝑛 + 1)
     , 𝑏 =
2𝑛
(𝑛 + 1)(2𝑛 + 1)
     𝑐 =
2𝑛2
(𝑛 + 1)(2𝑛 + 1)
 (2.33) 
Chilton and Stainsby (1998) obtained the Metzner-Reed Reynolds number for Herschel-
Bulkley fluids by equating the analytical solution (2.32) with Darcy-Weisbach equation, 
giving: 
𝑅𝑒𝑀𝑅 =
𝜌𝑉𝐷
𝐾 (
8𝑉
𝐷 )
𝑛−1
(
3𝑛 + 1
4𝑛 )
𝑛
(
1
1 − 𝑋) (
1
1 − 𝑎𝑋 − 𝑏𝑋2 + 𝑐𝑋3
)𝑛 
 
(2.34) 
By introducing Effective Viscosity, 𝜇𝑒 , this Reynolds number looks more in traditional form. 
𝜇𝑒  = 𝐾 (
8𝑉
𝐷
)
𝑛−1
(
3𝑛 + 1
4𝑛
)
𝑛
(
1
1 − 𝑋
) (
1
1 − 𝑎𝑋 − 𝑏𝑋2 + 𝑐𝑋3
)𝑛  (2.35) 
In the turbulent regime, Chilton and Stainsby (1998) proposed another Reynolds number 
formulation, which is equivalent to the Metzner-Reed’s in laminar flow but physically is 
more realistic in turbulent flow. It is given as: 
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𝑅𝑒 =
𝜌𝑉𝐷
𝜇𝑤 (
3𝑛′ + 1
4𝑛′ )
 (2.36) 
In particular for Herschel-Bulkley fluids: 
𝑅𝑒 =
𝜌𝑉𝐷
𝜇𝑤 (
3𝑛 + 1
4𝑛 ) (
1
1 − 𝑎𝑋 − 𝑏𝑋2 + 𝑐𝑋3
) 
 
(2.37) 
The proposed model which relates the friction factor to the newly defined Reynolds is given 
as 
𝑓 = 0.079 (
𝑅𝑒
𝑛2(1 − 𝑋)4
)
−0.25
= 0.079(𝑅𝑒′)−0.25 (2.38) 
2.11.2.3 Wilson-Thomas (1985, 2006) and Thomas-Wilson ( 2007) 
Wilson and Thomas (1985) presented an analytical model to predict the flow of non-
Newtonian turbulent flow in a smooth pipe. The analytical model was based on the viscous 
sublayer thickening which was extended by Lumely (1973, 1978) for the flow of aqueous 
fluid carrying a small quantity of long-chain molecules. Their model assumed that the non-
Newtonian characteristics of a slurry material thicken the viscous sublayer in the same way 
that Lumley assumed, and therefore, the viscous sub-layer for non-Newtonian turbulent 
flows is thicker than for an equivalent Newtonian flow (Thomas and Wilson, 2007, Wilson 
and Thomas, 1985, Wilson and Thomas, 2006). 
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The model development assumes that (Wilson and Thomas, 1985, Wilson and Thomas, 
2006): 
 Similar to Newtonian fluid turbulent flow, the logarithmic velocity profile of a non-
Newtonain fluid flow is blunter than that of the laminar flow and is driven by mixing 
momentum interchange,  an inertial process, not a viscous one. 
 At an equivalent wall shear stress, the velocity profile of a Newtonian flow and Non-
Newtonian fluid is not expected to be significantly different in the logarithmic zone.  
 The velocity gradient in the viscous sub-layer can be determined readily from the 
wall shear stress and the viscosity associated with this stress. 
The proposed model is as follows:    
𝑉
𝑉∗
= 2.5 𝑙𝑛(
𝜌𝑉∗𝐷
𝜇𝑒
) − 2.5 𝑙𝑛(𝛼 − 1) + 11.6 (𝛼 − 1) − 𝛺  (2.40) 
Where  𝑉 : Average velocity (m/sec) 
𝑢∗ : Shear velocity (m/sec) 
𝜌  : Slurry Density (kg/m3) 
𝐷 : Pipe diameter (m) 
  𝜇𝑒 : Effective viscosity (Pa.s) 
  α : Area ratio of rheogram 
 And; 
Ω  accounts for the blunter velocity caused by yield stress of material and is given as: 
𝛺 = −2.5 𝑙𝑛 (1 −
𝜏𝑦
𝜏𝑤
) − 2.5
𝜏𝑦
𝜏𝑤
(1 −
𝜏𝑦
2𝜏𝑤
) (2.41) 
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For the rough-wall flow, an extra correction is to apply to the equation (2.40) as the 
reduction in the average velocity caused by the effect of wall roughness (Thomas and 
Wilson, 2007): 
 
∆𝑉
𝑉∗
= 2.5 𝑙𝑛(3.7 +
𝜌𝜀𝑉∗
𝜇𝑒𝑓𝑓
(
𝜏𝑤
𝜏𝑦
+ 1)/(
𝜏𝑤
𝜏𝑦
+ 1)) − 3.7 (2.42) 
2.11.2.4 Hanks (1963 a, b)  
Hanks (1963a) presented a model to discriminate the onset of transitional flow of non-
Newtonian fluids in a circular geometry. Extending the Ryan and Johnson study (1959), the 
laminar-turbulent transition point was defined by adopting a stability number K (Hanks, 
1963 a). The stability number is the ratio of acceleration force to vicious force. It was 
believed that when the magnitude of the acceleration force reaches a multiple of the 
magnitude of the viscous force, the fluid motion will be unstable to certain types of 
disturbances and stable laminar flow will no longer exist. St is written as: 
𝑆𝑡 = 0.5 × 𝑅𝑒 ×
𝑟
𝑅
× (1 −
𝑟2
𝑅2
) (2.43) 
Where Re is Reynolds number, R is pipe radius and r is the radius of any point of interest.  
The stability number St is a local parameter and therefore is a function of position in the 
flow field. This parameter vanishes at the flow boundary and along the lines of symmetry of 
the velocity field. The maximum value of St is acquired at radius r=√1/3𝑅  for a Newtonian 
fluid.  
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When the Reynolds number of a laminar flow has increased to a sufficiently large value, the 
transition to turbulence occurs, and St reaches a maximum constant value titled st (Hanks, 
1963 a). By using Newtonian fluid velocity profile as a simplification, the critical value of κ 
was assumed to occur at Re=2100 and with the value of 404 which corresponds to the half 
of Ray and Johnson Stability number Z. 
Their study was extended further with the adoption of the velocity profile of non-Newtonian 
fluids in a circular geometry. Hence, the Bingham Plastic rheology model was used to 
develop the velocity profile formulation.  Their new model relates the critical Reynolds 
number 𝑅𝑒𝑐 and critical stability number Z as follows (Hanks, 1963 b): 
𝑅𝑒𝑐 = 𝑠𝑡√27 
1 −
4
3 𝑥𝑐 +
1
3 𝑥𝑐
4
(1 − 𝑥𝑐)3
 (2.44) 
Where 𝑥𝑐 is the ratio of Bingham Plastic yield stress to the critical wall shear stress 
corrosponding to the laminar-turbulent transition when 𝑠𝑡√27 = 2100. To calculate critical 
Reynolds number using equation (2.44), one needs an expression for 𝑥𝑐. Such an expression 
can be obtained from the Buckingham equation and the Hedstrӧm number He. Then 
equation (2.44) can be rearranged as follows: 
𝑅𝑒𝑐 =
1 −
4
3 𝑥𝑐 +
1
3 𝑥𝑐
4
8𝑥𝑐
𝐻𝑒 (2.45) 
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The model prediction was found in good agreement with the experimental measurement at  
He less than 105. This range of Hedstrӧm numbers is believed to corresponds to Ty/Tw < 0.5 
(the radius of the un-sheared plug is less than half of the pipe radius). For the greater He 
(i.e., He > 105) the model failure was explained due to the inadequacy of the simple linear 
Bingham Plastic model to represent the flow profile (Hanks, 1963 b). 
2.12 Sheet Flow Models 
2.12.1 De Kee et al. (1990)  
De Kee et al. (1990) conducted a series of thin flow test of two viscoplastic materials (lime of 
milk and ketchup) down an inclined plane 0.058 m wide and 0.615 m in length. Their study 
was to evaluate the yield stress. Two rheological models were used in their study to analyze 
the film flow: the Exponential model proposed by De Kee et al. (1980) and the Herschel-
Bulkley model. Average velocity and velocity profiles of the thin film flow for these two 
rheological models were defined as follows (De Kee et al., 1990): 
𝑢𝑠 =
𝑛𝐾
(𝑛 + 1)𝜌𝑔𝑠𝑖𝑛𝛼
(
𝜏𝑤
𝐾
)
𝑛+1
𝑛
(1 −
𝜏𝑦
𝜏𝑤
)
𝑛+1
𝑛
(1 − (
𝜏𝑦
𝜏𝑤
×
1 −
𝜏𝑦
𝜏𝑤
1 −
𝜏𝑦
𝜏𝑤
)
𝑛+1
𝑛 ) (2.46) 
𝑢𝑝 =
𝑛𝐾
(𝑛 + 1)𝜌𝑔𝑠𝑖𝑛𝛼
(
𝜏𝑤
𝐾
)
𝑛+1
𝑛
(1 −
𝜏𝑦
𝜏𝑤
)
𝑛+1
𝑛
 (2.47) 
𝑄 =
𝐻𝑛𝐾
(𝑛 + 1)𝜌𝑔𝑠𝑖𝑛𝛼
(
𝜏𝑤
𝐾
)
𝑛+1
𝑛
(1 −
𝜏𝑦
𝜏𝑤
)
𝑛+1
𝑛
(1 + (
𝑛
1 + 𝑛
)
𝜏𝑦
𝜏𝑤
) (2.48) 
Where 𝑢𝑠 is local velocity at any point in the sheared zone and 𝑢𝑝 is the plug velocity. 
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2.12.2 Slatter et al. (2010, 2015)  
Slatter et al. (2010. 2015) developed few models to theoretically explain the sheet flow. The 
proposed model presents a bulk shear rate which could be related directly to the tailings' 
rheology. The sheet flow model was then extended to a generalized laminar open channel 
flow model, incorporating the classical concept of the hydraulic radius. It was analytically 
shown that the bulk shear rate is a unique function of wall shear stress for a given rheology 
and all values of flow depth and slope. With experimentally evaluated and validated models, 
it was claimed that the new sheet flow paradigm model for open channel flow can provide a 
competent basis for the analysis, flow behaviour prediction and design of open channel flow 
(Slatter et al., 2010, Slatter, 2015).  
Figure 2.11 illustrates schematically a sheet flow considering laminar, incompressible flow of 
a time-independent fluid on an inclined plane. 
Flow Direction
X
Y
a
H Shear Stress Profile
Velocity Profile
 
Figure 2. 11., Velocity profile and shear stress distribution of sheet flow 
The free surface of the sheet is assumed smooth and free from ripples. Furthermore, the 
sheet thickness, H is assumed to be uniform and << W, the width of the plate in the z-
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direction. Under these conditions, a momentum balance indicates that there is only a non-
zero shear stress component 𝜏𝑥𝑦 given by: 
𝜏𝑥𝑦 = 𝜌𝑔𝑦𝑠𝑖𝑛𝑎 (2.49) 
The shear stress varies linearly in the y-direction from being zero at the surface to its 
maximum value (wall shear stress) at the wall given by: 
𝜏0 = 𝜌𝑔𝐻𝑠𝑖𝑛𝑎 (2.50) 
From equations (2.49) and (2.50), it can be deduced that: 
𝜏𝑥𝑦
𝜏0
=
𝑦
𝐻
 (2.51) 
In this case, the only non-zero velocity component, i.e.  𝑢𝑥 , is a function of flow depth and 
volumetric flow rate per unit width, Q , can be defined by integrating velocity profile over 
sheet flow depth is given by: 
𝑄 = ∫ 𝑢𝑥
𝐻
0
𝑑𝑦 (2.52) 
For a time-independent fluid, one can describe the relationship between shear rate, ?̇? and 
shear stress, 𝜏 as: 
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?̇? = 𝑓(𝜏) = −
𝑑𝑢𝑥
𝑑𝑦
 (2.53) 
For a Newtonian fluid, using the constitutive relationship,  ?̇? = 𝑓(𝜏) =
𝜏
𝜇
 , leads to the 
followings: 
𝑄 =
𝐻2𝜏0
3𝜇
 (2.54) 
𝑉 =
𝑄
𝐻
=
𝐻. 𝜏0
3𝜇
 (2.55) 
𝛾0̇ = 𝑓(𝜏) =
𝜏0
𝜇
 (2.56) 
𝜏0 = 𝜇
3𝑉
𝐻
= 𝜇?̇? (2.57) 
Analogous to Rabinowitsch and Mooney (1931) for the pipe flow paradigm, 3V/H is the bulk 
shear rate for sheet flow, and after some manipulations and substitutions, the bulk shear 
rate can be related to the shear rate  given by: 
3𝑉
𝐻
=
3
𝜏0
2 ∫ 𝜏. 𝑓(𝜏)𝑑𝜏
𝜏0
0
 (2.58) 
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Differentiating both sides of equation (2.58) with respect to 𝜏0, dividing by 𝜏0 and finally 
introducing a factor of 3 in V/H terms and identifying 𝑓(𝜏0) as shear rate at the wall, ?̇? 
equation (2.58) can be re-written as: 
𝛾0̇ =
3𝑉
𝐻
(
2
3
+
1
3
.
𝑑𝑙𝑛(
3𝑉
𝐻 )
𝑑𝑙𝑛(𝜏0)
) (2.59) 
By analogy with tube flow, one can introduce the apparent sheet flow behaviour index, 𝑛∗
′ , 
defined as the local slope of the log-log plot of wall shear  stress and bulk shear rate. 
𝑛∗
′  =
𝑑𝑙𝑛(𝜏0)
𝑑𝑙𝑛(
3𝑉
𝐻 )
 (2.60) 
Finally, the shear rate at the wall is defined in terms of bulk shear rate as: 
𝛾0̇ =
3𝑉
𝐻
(
2𝑛∗
′ + 1
3𝑛∗′
) (2.61) 
Table (2.5) recapitulates the analogy of the proposed sheet flow analysis with that of 
Rabinowitsch and Mooney for tube flow. 
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Table 2.5, Tube Flow and Sheet flow key elements (Slatter et al., 2010) 
 Bulk Shear Rate Wall Shear Stress R-M Factor 
Tube Flow 
𝟖𝑽
𝑫
 
𝑫∆𝑷
𝟒𝑳
 
𝟑𝒏′ + 𝟏
𝟒𝒏′
 
Sheet Flow 
𝟑𝑽
𝑯
 𝝆𝒈𝑯𝒔𝒊𝒏𝜶 
𝟐𝒏∗′ + 𝟏
𝟑𝒏∗′
 
2.13 Literature Summary and Knowledge Gaps Identified  
. Great effort has been made to model the flow of the non-Newtonian fluid including mine 
tailings slurry through circular geometry in laminar and turbulent regimes; however, little 
research has been carried out for the wide sheet and open channel flow. The reason for the 
discrepancy is the intensive application of pipe flows in material transportation.  For a 
shallow flow on an infinitely wide sheet known as the sheet flow paradigm, most of the 
studies were aimed to obtain the rheological behaviour of material, in particular, yield stress 
involving a single phase non-Newtonian fluid (Astarita et al., 1964, Uhlherr et al., 1984, De 
Kee et al., 1990, Coussot and Boyer, 1995, Šutalo et al., 2006, Slatter et al., 2010, Slatter, 
2013a). 
The review of the literature, on the other hand, revealed that the flow of non-Newtonian 
fluids in open channel has not much been studied analytically. As far as reported in the 
literature, a few theoretical and analytical models have been proposed and in fact, the 
analytical modeling of open channel flow is limited to the laminar regime (Kozicki et al., 
1966, Kozicki and Tiu, 1967). Given the complexity associated with open channel flow, most 
models, with some assumptions, are derived from the pipe flow paradigm (Haldenwang and 
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Slatter, 2006, Haldenwang et al., 2010, Burger et al., 2015, Javadi et al., 2014, Javadi et al., 
2015a, Coussot, 1994). The models, however, inevitably incorporate inputs obtained from 
the experimental data correlation. To this end, the current literature still lacks analytical 
flow modeling, in particular, for the turbulent and transitional regimes. 
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3 Experiment Set-Up 
3.1 General Introduction 
It is already conceded that the complete theoretical analysis for problems involving real fluid 
flow is seldom attainable. Therefore, most studies inevitably were either experimental or 
semi-empirical and involved experimental test work (Haldenwang, 2003, Burger, 2014). In 
this chapter, the experimental runs which are used to evaluate the models reported in the 
literature and the new models’ development are described. 
3.2 Experimental Set Up 
The experimental work was carried out in a 4.8-m-long rectangular flume at the Rheology 
and Material Processing Centre of RMIT University. The flume was specifically designed and 
built for thickened tailings slurry flow. The flume was 100 mm wide and could be manually 
tilted by up to 10% from the horizon.  
The flow of the material was provided by a single helical screw pump with a maximum flow 
rate of 7.0 m3/hr. The flow was measured using a Coriolis mass flow meter. Density and 
temperature were monitored and measured throughout the test.   
Flow depths were measured using digital depth gauges at 3.0 and 3.75 meters from the 
flume entrance where the flow was fully established. To inevestigate in which region of the 
flume, the flow is fully stalished, the flume was run with water. The flow depths was recored 
along the flume at every 250 mm at various flow rate. Ploting the flow depth against the 
entrance and exit effects were identified Based on the water flow records,It was found that 
the flow was fully established at 3.0 meter from the flume entrance. 
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A data logger was used to collect the recorded outputs. Figure 3. 1 and Figure 3. 2 depict the 
flume loop which was employed in this study. 
  
Figure 3. 1. Flume Loop components   
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Figure 3. 2. Physical Layout of the 4.8-m flume loop 
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3.2.1 Flume 
The experimental channel is geometrically and dynamically similar to a typical channel 
prototype that is often encountered in the mining industries. A typical full-scale channel 
is 1-m wide with half a meter flow depth flowing the thickened tailings material with a 
yield stress of the order of 50-100 Pa. Dynamic similarity is achieved by considering 
Froude (Fr) and Reynolds (Re) numbers. Furthermore, to ensure that the flow in the 
model has the same ratio of the plug depth to the sheared zone depth as the full-scale 
flow, the ratio of the yield stress to the wall shear stress was maintained similar to that of 
the full-scale flow. Table 3.1 summarizes the aspects of a typical channel and the flume 
employed for this study. 
Table 3. 1 Full-scale typical channel and the lab scale channel features 
Parameter  Typical Full-Scale 
Flume 
Model Description 
Channel Width (mm) 1000 100 Geometrical Ratio = 1/10 
Flow Depth (mm) 500 50 Geometrical Ratio = 1/10 
Wall Shear Stress (Pa) ≈ 500-600 Max 50  
Material Yield Stress (Pa) Max 100 Max 10  
3.2.2 Slurry Pump 
The flume loop is equipped with a positive displacement pump. The pump is single stage 
helical screw type Model C60 supplied by MONO Pump. A 2.2 KW (3 HP) motor is fitted to 
the pump, and the pump speed is mechanically adjusted from 0 rpm to 720 rpm.  Figure 
3. 3 shows the slurry pump, feed tank and the pipework used in the experimental set-up.   
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Figure 3. 3 Photograph of the slurry pump, feed tank, and pipework   
3.2.3 Flow and Density Meter 
A Coriolis mass flow meter was employed to measure flow rate, slurry density, and the temperature. The 
Coriolis meter model was a Proline Promass I 25 supplied by Endress-Hauser.  This device was fitted 
inline into the pipe feeding the plunge pool ( 
Figure 3. 4.) At every 1 second, the flow rate, density, and temperature were 
simultaneously measured and transferred to the data logger to be stored.  
 
 
Slurry Pump 
 
Feed Tank 
To Flume 
Pump Discharge 
Recirculating pipe  
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Figure 3. 4 Photograph of the Coriolis flow meter fitted on the pipe   
The accuracy of the coriolis flow meter was specified by the supplier. Figure 3. 5 shows 
the measured error reported by the device’s supplier. A relative error of  0.1% is 
indicated for the flow rate exceeding 5% of the nominal capacity. The flow meter nominal 
capacity is 18000 kg/h. However, for the flow rate less than 5% of the nominal capacity, 
equating 900 kg/h,  a maximum error of 1% is expected. It should note that only few of 
the experimental records are in the range that the highest error would be made (i.e. flow 
rates below 900 kg/h). The digital depth gauges have a rated accuracy of ±0.02 mm.  
 
Figure 3. 5 Measured error by coriolis meter (Instrument’s Technical Manual)   
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3.3 Material 
The fluids used in the present work were kaolin clay suspensions and mixtures of typical 
mine tailings with kaolin at varying concentrations. Kaolin suspension has been 
extensively used by many researchers as a non-Newtonian model fluid (Slatter, 1994, 
Coussot, 1994, Haldenwang and Slatter, 2006, Burger et al., 2015). In this study, in 
addition to kaolin suspension model fluids, two typical slurry tailings were tested. It was 
intended to evaluate the effect of the coarse particles (i.e. over 37 µm) in open channel 
flow at varying flow conditions. Figure 3. 6 shows the size distribution of the suspension 
particles used. 
Such materials exhibit non-Newtonian behaviour and amongst the rheological models are 
best represented by the Herschel-Bulkley and Bingham Plastic models (Slatter, 2015, 
Gawu and Fourie, 2004). For the material tested in this study, the Herschel-Bulkley model 
was found to be the best model for fitting the data obtained from the rheometer. The 
Herschel-Bulkley model is written as: 
𝜏 = 𝜏𝑦 + 𝐾?̇?
𝑛
(3.1) 
Where 𝜏𝑦 is the yield stress, ?̇? is shear rate, n and K are flow behaviour and consistency 
indices respectively. A summary of test materials is given in   
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Table 3. 2.   
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Table 3. 2 Rheological parameters of tested material  
Fluid Model 
Conc.           
(w/100w) 
Herschel-Bulkley Bingham Plastic 
𝜏𝑦 (𝑃𝑎) 𝐾 (𝑃𝑎 𝑆
𝑛) 𝑛 𝑅2 𝜏𝑦 (𝑃𝑎) 𝐾 (𝑃𝑎 𝑆) 𝑅
2 
Kaolin 7.5 1.38 0.1183 0.50
27 
0.997
6 
2.02 0.0048 0.96
2 
 10 2.45 0.1653 0.48
43 
0.999 3.45 0.0052 0.91
0 
 12.5 4.08 0.7109 0.33
2 
0.946
1 
6.31 0.0084 0.87
9 
Copper Tailings + Kaolin    10 1.17 0.2949 0.39
74 
0.998 2.57 0.0047 0.90
1 
Zinc Tailings + Kaolin    10 1.51 0.0581 0.61
04 
0.967
7 
2.01 0.0049 0.93
1 
 
Figure 3. 6 Particles size distribution of Kaolin, Copper and Zinc Tailings 
3.4 Rotational Rheometer 
The rheology of the materials was obtained using a stress-controlled and strain-
controlled TA HR3 rheometer. The utilized geometry was a bob and cup with the grooved 
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surface to minimize the particle slip. Each sample was subjected to a linear increase in 
the strain rate, starting from a very low shear rate up to over 300 s-1, over a period of at 
least 180 s. For each suspension, the rheological tests were performed on two samples 
taken before and after the flume testing. The maximum  
Appendix A presents the rheological parameters obtained for each suspensions. 
 
Figure 3. 7. Photograph of the rotational rheometer (HR3)   
3.5 Experimental Procedure 
The below procedure was used to run the flume loop to obtain the flow data from 
various flow rates and slopes. 
1. The flume slope was adjusted; 
2. Pre-prepared slurry at desired solids concentration was placed into the slurry 
pump feed tank; 
3. The slurry was pre-sheared by circulation of the material through the flume using 
the pump; 
4. A sample for rheological investigation was taken after step (3); 
Bob 
Geometry 
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5. Data logger was switched on while being connected to the computer;  
6. When the required flow rate was set, flow depth was manually measured at two 
different points along the channel;  
7. The flow rate was increased by adjusting the pump speed, then step 6 was 
followed; 
8. Steps 6 and 7 were repeated until the flow depths were measured at a range of 
flow rate.    
9. A sample for rheological investigation was taken after step (8); 
This procedure was repeated for different slopes. Appendix B presents the records 
obtained from the experimental trial. 
3.6 Error Analysis 
The error analysis is performed to assess the accuracy of the measurement. Calculated 
values such as hydraulic radius and average velocity have an error based on individuals 
uncertainties of each measured values used in the calculation.  The error of the hydraulic 
radius and average velocity generally denoted by the 𝛿𝑦, is determined by the root-sum-
square expression (Haldenwang, 2003, Tang et al., 2012): 
𝑦 = 𝐹(𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑁)
(3.2) 
𝛿𝑦 = √(
𝜕𝑦
𝜕𝑥1
𝛿𝑥1)2 + (
𝜕𝑦
𝜕𝑥2
𝛿𝑥2)2 + (
𝜕𝑦
𝜕𝑥3
𝛿𝑥3)2+ , … , (
𝜕𝑦
𝜕𝑥𝑁
𝛿𝑥𝑁)2   
(3.3) 
Where 𝛿𝑥1 to 𝛿𝑥𝑁 are the measurment errors for each device.  
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3.6.1 Hydraulic Radius 
The hydraulic radius is calculated from the measured flow depth and the channel width 
as follows: 
𝑅ℎ =
𝐵 × 𝐻
𝐵 + 2𝐻

(3.4) 
Using Equation 3.3, the relative combined error appears as: 
𝛿𝑅ℎ
𝑅ℎ
= (
𝜕𝑅ℎ
𝜕𝐵
×
𝐵
𝑅ℎ
×
𝜕𝐵
𝐵
)2 + (
𝜕𝑅ℎ
𝜕ℎ
×
𝐻
𝑅ℎ
×
𝜕ℎ
𝐻
)2 
(3.5) 
𝛿𝑅ℎ
𝜕𝐵
=
𝐻 × (𝐵 + 𝐻) − 𝐵 × 𝐻
(𝐵 + 𝐻)2
 
(3.6) 
𝛿𝑅ℎ
𝜕𝐻
=
𝐵 × (𝐵 + 𝐻) − 𝐵 × 𝐻
(𝐵 + 𝐻)2
 
(3.7) 
Figure 3. 8 shows the combined error for hydraulic radius made by the flow depth 
measurment. As shown, a maximum relative combined error of 2% is expected. However, 
with the flow depth increasing, a lower combined error for the hydraulic radius is 
expected. The digital gauges are accurate of to 0.02 mm.  
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Figure 3. 8. Combined Errors for Flume Hydraulic Radius  
3.6.2 Average Velocity 
The average velocity is calculated from the flow rate obtained by the flow meter and the  
flow cross-sectional area. 
𝑉 =
𝑄
𝐵 × 𝐻

(3.8) 
The relative combined error for the average velocuity can be then calcutated as follows: 
𝛿𝑉
𝑉
= (
𝜕𝑉
𝜕𝑄
×
𝑄
𝑉
×
𝜕𝑄
𝑄
)2+(
𝜕𝑉
𝜕𝐵
×
𝐵
𝑉
×
𝜕𝐵
𝐵
)2 + (
𝜕𝑉
𝜕𝐻
×
𝐻
𝑉
×
𝜕𝐻
𝐻
)2 
(3.9) 
𝛿𝑉
𝜕𝑄
=
1
𝐵 × 𝐻
 
(3.10) 
CHAPTER 3 86 
 
 
𝛿𝑉
𝜕𝐵
=
𝑄
𝐻
×
1
𝐵2
 
(3.11) 
𝛿𝑉
𝜕ℎ
=
𝑄
𝐵
×
1
𝐻2
 
(3.12) 
The combined error for the average velocity calculated using equation (3.10) is shown in 
Figure 3. 9. The analysis indicates that the combined error is better than 3%.     
 
Figure 3. 9. Combined Errors for Flume Average Velocity 
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4 Experimental Results and Discussion  
4.1 General Introduction 
In this chapter, the experimental work is presented. The visual and analytical flow 
observations in the laminar, transitional and turbulent flow regimes are fully detailed 
and compared with that for pipe flow.  Furthermore,  the appropriate models found in 
the literature, that were described in Chapter 2 are evaluated using the dataset 
compiled for this thesis. 
The evaluation of the models will be performed in the followings flow ranges: 
 Laminar Regime 
 Transitional Regime 
 Turbulent Regime 
4.2 Results and Observations 
The apparatus was set up so that flow observations and measurements could be made 
at all flow regimes. Observations in the laminar, transitional and turbulent flow 
regimes were expected to result. Nevertheless, in some cases, depending on the 
material’s rheology, the fully turbulent regimes was not achieved. In particular, when 
the more concentrated slurry flowed through the lower channel angles, fully turbulent 
flow was not always achieved.  
InFigure 4. 1, the flow regimes observed for zinc tailings and kaolin suspension are 
shown. The photos illustrate the laminar, transitional and turbulent regimes. For each 
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flow regime, two photos were captured 0.5 seconds apart. As seen in the laminar 
regime, the slurry runs through the channel very smoothly without any observed 
surface disturbance whilst in the turbulent regime, surface waves steadily form and 
exist throughout the channel. 
In the transitional range, as expected, a chaotic fluctuation appeared. The flow in this 
range seems to have been completely non-uniform and unsteady. The turbulent waves 
were continuously formed at the head of channel and moved down along the channel. 
Each turbulent wave was alternated with a smooth flow which was understood to be 
the laminar. In other words, in the transitional range, there is not much excessive 
energy that requires a fully turbulent range for dissipation.  
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t=0 
     
t= 1 s 
(a) Laminar Regime 
 
t=0 
    
t= 1 s 
(b) Transitional Regime 
t=0 t= 1 s 
(c) Turbulent Regime 
Figure 4. 1. Laminar, Transitional and Turbulent Regimes  
Flume results can be presented in two ways; (1) plots of friction factor versus Reynolds 
number and (2) plots of wall shear stress (𝜏𝑤) versus bulk shear rate (Javadi et al., 
Flume Head 
Laminar Intervals Turbulent Waves 
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2015b). In the former method known as Moody chart that is extensively used in the 
pipe flow (Thomas and Wilson, 2007, Wilson and Thomas, 1985), in the logarithmic 
scale, the laminar regime is represented by a straight line of -1 slope. With Reynolds 
number increasing, the friction factor tends to deviate from  𝑓 =
𝑘
𝑅𝑒
  line. At this point 
the transitional range occurs and the friction factor increases with various rates, 
depending on the fluid viscosity, until it reaches a peak point corresponding to the 
start of fully turbulent flow (Haldenwang and Slatter, 2006, Haldenwang et al., 2010). It 
is, then, followed by a decreasing friction factor with Reynolds number increasing.   
However, for the open channel flow, the fully turbulent range measured data can not 
be clearly depicted using Moody chart.With regard to the unconfined boundary of any 
channel, the maximum achievable average velocity is limited and is not as high as that 
in a pipe flow. Therefore, contrary to the pipe flow, observing the flow regime at 
Reynolds number over 20,000 is almost unachievable. Hence, plotting friction factor 
versus Reynolds number in logarithmic scale will not clearly depict the turbulent range 
data. It would be, therefore, better to present the data by plotting wall shear rate 
against bulk shear rate (Javadi et al., 2015b).  
InFigure 4. 2, plots of wall shear stress  𝜏𝑤 versus bulk shear rate for kaolin suspension 
depict the loci of all flow regimes (Javadi et al., 2015b). The laminar flow approximates 
a straight line with slope less than unity (a straight unit slope line represents laminar 
flow of a Newtonian fluid). For transitional flow, on the other hand, the plots show a 
series of parallel lines with the slope rising sharply away from unity, one for each 
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channel slope. Transitional regime which oftenoccur in a narrow range of shear rate , if 
the material is significantly viscous, is followed by the turbulent regime which presents 
as a plot of negative slope with increasing wall shear stress versus bulk shear rate 
decreasing. However, for the tested fluid, the fully turbulent regime is not observed at 
channel slope of 2 degree. 
 
Figure 4. 2. Locus of laminar, transition and turbulent ranges on plots of 𝛕𝐰 versus bulk shear rate, 
kaolin 9% v/v (Javadi et al., 2015b) 
Figure 4. 3shows a similar plot for kaolin 7.5% in 100 mm channel. The data measured 
at varying channel slopes was obtained for the same flow range (0.5 to 6 m3/hr).  It is 
obvious that at slopes of 3% and 4% the laminar and transitional regimes were the only 
flow ranges that occurred. While, with an increase in channel slope, despite the same 
range of flow rates, the turbulent range emerges. In fact, the greater energy provided 
to the material due to the steeper channel slope needs to be dissipated with the fully 
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turbulent regime. It supports the argument that, unlike the pipe flow, the flow regimes 
in the open channel is driven by a combination of the flow rate and the channel slope.  
 
Figure 4. 3. Plots of 𝛕𝐰 versus bulk shear rate for kaolin suspension 7.5% kg/kg. 
Figure 4. 4shows the same plot for zinc suspension results which were measured at 5% 
slope. This plot is distinctly different from the plots shown in Figures 4.2 and 4.3. As 
illustrated, the wall shear stress which is linearly proportional to the flow depth drops 
sharply at the shear rate of 200 1/s. It is believed that the particle settlement at low 
velocity occurred in the laminar regime. For a slurry with dense particles such as zinc 
tailings (i.e. S.G of 3.2 or greater), deposition can be expected if the average velocity is 
relatively low (i.e. less than 1 m/s). At the bulk shear rate less than 200 1/s, which 
corresponds to a low average velocity, a stationary bed appears to have formed (Zone 
A). Having a deposited bed, the total depth is the sum of the stationary and moving 
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beds. With increasing shear rate over 200 s-1, the settled particles were re-suspended 
and hence the flow depth and consequently the wall shear stress rapidly dropped.  
 
Figure 4. 4. Plot of 𝛕𝐰 versus bulk shear rate showing the stationary bed formation for zinc suspension 
10% kg/kg. 
Figures 4.5 and 4.6 show the plots of the wall shear stress versus the flow rate and 
average velocity respectively for kaolin 10 %. These figures show that the flow of a 
non-Newtonian fluid in an open channel is considerably different from that in a circular 
pipe. A single plot of wall shear stress against flow rate, which is always observed in 
the circular geometry with a constant diameter, changes to multiple plots for various 
slope in channel flow. This behaviour can be attributed to the changes in the wetted 
perimeter caused by either the varying channel slope or flow rate. On the other hand, 
at the higher velocities where the flow is fully turbulent and as shown in Figure 4.6, the 
 
Zone A  
Zone B 
Zone B  
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plots begin to converge, while approaching an asymptotic line. In fact, any increase in 
the wall shear stress incurred by the channel slope is counteracted by the effect of the 
shallower depth of flow caused by the steeper channel. As a result, despite varying 
pressure gradient provided by the different channel slopes, the wall shear stress 
remains constant at a certain velocity in the fully turbulent regime as shown in Figure 
4. 6.   
 
Figure 4. 5. Wall shear stress versus flow rate in open channel at varying slope 
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Figure 4. 6. Wall shear stress versus average velocity in the open channel at varying slope 
4.3 Evaluation of Existing Models 
4.3.1 Existing Models 
In this section, the current models reported in the literature and discussed in Chapter 2 
are evaluated using the experimental results. The models include the open channel 
flow and the pipe flow models which have been found to be applicable for non-
Newtonian fluids.  
Table 4. 1presents the laminar flow models investigated in this work. However, few 
models reported in the literature are not evaluated. For example, Kozicki and Tiu 
(1967) and Coussot (1994) models which, although developed to represent the flow of 
non-Newtonian material in channels, have been found to be in poor agreement with 
the experimental data (Haldenwang, 2003, Javadi et al., 2014, Burger et al., 2015). 
Similarly, the sheet flow models have been excluded, again, because of the poor flow 
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prediction  (Haldenwang et al., 2012).Figure 4. 7 and Figure 4. 8  show the average 
velocity predicted by such models for kaolin 7.5% in a 100 mm wide rectangular 
channel and confirm the poorly agreed predictions of these models with the 
experimental results. 
 
Figure 4. 7. Sheet Flow and Kozicki-Tiu model Predictions 
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Figure 4. 8. Sheet Flow and Kozicki-Tiu model Predictions 
Table 4. 1 Summary of the laminar models employed in this work 
Model Title 
Year Flow 
Geometry 
Friction 
Factor 
Reynolds Number Definition 
Metzner-Reed (1955) 1955 Pipe 𝑓 =
16
𝑅𝑒
 𝑅𝑒 =
8𝜌𝑉2
𝐾∗(
8𝑉
𝐷 )
𝑛∗
 , 𝑛∗ =
𝑑𝑙𝑛 𝜏0
𝑑 𝑙𝑛(
2𝑉
𝑅ℎ
)
 , 𝐾∗ =
𝜏0
(
2𝑉
𝑅ℎ
)
 
Chilton-Stainsby 1998 Pipe 𝑓 =
16
𝑅𝑒
 
𝑅𝑒 =
𝜌𝑉𝐷
𝜇𝑤 (
3𝑛 + 1
4𝑛 ) (
1
1 − 𝑎𝑋 − 𝑏𝑋2 + 𝑐𝑋3
) 
 
𝑎 =
1
(2𝑛 + 1)
     𝑏 =
2𝑛
(𝑛 + 1)(2𝑛 + 1)
    
  𝑐 =
2𝑛2
(𝑛 + 1)(2𝑛 + 1)
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Model Title 
Year Flow 
Geometry 
Friction 
Factor 
Reynolds Number Definition 
Haldenwang-Slatter 2006 Open Channel 𝑓 =
16
𝑅𝑒
 𝑅𝑒 =
8𝜌𝑉2
𝜏𝑦 + 𝐾(
2𝑉
𝑅ℎ
)𝑛
 
Burger et al. 2010 Open Channel 𝑓 =
16.4
𝑅𝑒
 𝑅𝑒 =
8𝜌𝑉2
𝜏𝑦 + 𝐾(
2𝑉
𝑅ℎ
)𝑛
 
Table 4.3 shows the turbulent flow models. Similar to the laminar regimes, these 
models are either derived from the pipe flow paradigm or models which have been 
experimentally modified to predict the open channel flow.  
Table 4. 2 Summary of the turbulent models evaluated in this work   
Model Title 
Flow 
Geometry 
Friction Factor Reynolds/Hedestrom Number Definition 
Dodge-Metzner 
(1959) 
Pipe 
1
√𝑓
=
4
𝑛∗0.75
log (𝑅𝑒 × 𝑓
2−𝑛∗
2 ) −
0.4
𝑛∗1.2
 𝑅𝑒 =
2𝑉2−𝑛
∗
𝑅ℎ
𝑛∗
2𝑛∗−3𝑘∗
, 𝑛∗ =
𝑑𝑙𝑛 𝜏0
𝑑 𝑙𝑛(
2𝑉
𝑅ℎ
)
 , 𝑘∗ =
𝜏0
(
2𝑉
𝑅ℎ
)
 
Wilson-Thomas 
(1985) 
Pipe 
2.83
√𝑓
= 2.5 𝑙𝑛 (𝑅𝑒 ×
√𝑓
2.83
) −2.5 𝑙𝑛(𝛼 − 1)
+ 11.6 (𝛼 − 1) − 𝛺 
𝛺 = −2.5 𝑙𝑛 (1 −
𝜏𝑦
𝜏𝑤
) − 2.5
𝜏𝑦
𝜏𝑤
(1 −
𝜏𝑦
2𝜏𝑤
) 
𝑅𝑒 =
𝜌𝑉𝐷
𝐾𝑝
, 𝛼 =
𝜏𝑦
𝜏𝑤
 
Darby (1992) Pipe 𝑓 = 10𝑎𝑜𝑅𝑒𝐵
−0.193 
𝑅𝑒 =
𝜌𝑉𝐷
𝐾𝑝
 
𝑎𝑜 = −1.47 (1 + 0.146 exp (−2.9 × 10
−5𝐻𝑒) 
 
Wilson-Thomas 
(2006) 
Pipe 
2.83
√𝑓
= 2.5 𝑙𝑛 (𝐻𝑒0.5) +2.5 𝑙𝑛 (𝜃2.5 ×
𝜃 − 1
𝜃 + 1
) +
11.6
𝜃
− 𝛺 
𝐻𝑒 =
16𝜌𝜏𝑦𝑅ℎ 
𝐾𝑝2
 , 𝜃 =
𝜏𝑤
𝜏𝑦
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Model Title 
Flow 
Geometry 
Friction Factor Reynolds/Hedestrom Number Definition 
Haldenwang-
Slatter (2010) 
Open 
Channel 
𝑓 = 0.66 ×
2𝑔𝐻𝑆𝑜
𝑉2
 
𝑉 = √𝑔𝐻𝑆𝑜  × (2.5 ln
2𝑅ℎ
𝜀
− 76.860 ×
𝜇100
𝜇𝑤
− 9.5) 
Burger et al. 
(2015) 
Open 
Channel 
𝑓 = 𝑎𝑅𝑒𝑏 𝑅𝑒 =
8𝜌𝑉2
𝜏𝑦 + 𝐾(
2𝑉
𝑅ℎ
)𝑛
 
4.3.2 Model  Comparison with Experimental Data  
In the literature, the model evaluation and validation have often been achieved using 
the average velocity (Coussot, 1994, Haldenwang and Slatter, 2006, Javadi et al., 2014, 
Burger et al., 2010c, Burger et al., 2015). In fact, the predicted velocity obtained from 
the model using the measured hydraulic radius from the experiment is compared with 
the measured velocity. Hence, the predicted parameter (e.g. average velocity) is the 
output of the model at the measured hydraulic radius, while the hydraulic radius must 
not be an input and should be that predicted with the model itself. Differently stated, 
from each model the followings parameters are expected to predict: 
 Average velocity 
 Friction factor 
  Hydraulic Radius 
To resolve this, in this section, the flow parameters were all predicted by iteration 
using the models together with the continuum equation. The flow parameters are the 
average velocity, hydraulic radius and the friction factor. The followings steps are used 
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to obtain the flow parameters predictions from each model in laminar and turbulent 
flows: 
1. Assume an initial value for the depth in the channel (h) 
2. Calculate the cross-sectional area (A) and wetted perimeter of flow (P) 
3. Calculate hydraulic radius (Rh) 
4. Calculate average velocity (𝑉) based on the cross-sectional area and given flow rate 
(Q/A) 
5. Calculate Re Number (using Reynolds number formulation corresponding to the each 
model)   
6. Calculate friction factor 𝑓 (using the corresponding formulation to the each model 
based on the flow regime) 
7. Calculate 𝑉 using Darcy Weisbach equation  𝑉 = √
𝑆𝑜𝑅ℎ𝑔
𝑓
  
8. Adjust the initially assumed depth value until the two values for 𝑉 calculated in steps 4 
and 7 equate. 
9. At this point, the hydraulic radius, friction factor and average velocity are the model 
prediction  
4.3.3 Model Evaluation and Discussion 
Figure 4. 9 to Figure 4. 12 compare the average velocity predicted from the laminar 
model against the experimental results for kaolin 7.5 % and 12.5 %. The complete 
comparison for all suspensions tested are presented in Appendix C. The predictions 
have been obtained from the models listed in Table 4. 1. As seen, the quite consistent 
velocity predictions by the models are evident, while, overall, the models overpredict 
the average velocity. 
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Figure 4. 9. Predicted Average Velocity vs Measured Velocity (Kaolin 7.5%. Slope 3%,4%, Laminar 
Regime, 100 mm Flume)  
 
Figure 4. 10. Predicted Average Velocity vs Measured Velocity (Kaolin 7.5%. Slope 5%,6%, Laminar 
Regime, 100 mm Flume)  
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Figure 4. 11. Predicted Average Velocity vs Measured Velocity ( Kaolin 7.5%. Slope 7%,8%, Laminar 
Regime, 100 mm Flume)  
 
Figure 4. 12. Predicted Average Velocity vs Measured Velocity ( Kaolin 12.5%, Slope 3%4%, Laminar 
Regime, 100 mm Flume)  
In addition to the average velocity, the other flow parameters can also be evaluated 
against the experimental data.  In Figure 4. 13 and Figure 4. 14the comparison of the 
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predicted flow parameters with that of the experiment for the flow of the kaolin and 
copper tailings suspensions in the laminar regime are presented such as friction factor 
and  hydraulic radius. The predictions obtained from the models, similar to that 
observed for the average velocity,  are relatively consistent with the experiment. 
Nevertheless, apart from the Metzner-Reed model predictions, the friction factor and 
hydraulic radius obtained from the models are considerably underpredicted by at least 
20% and 10% respectively. The underprediction can be explained by the poor 
estimation of the wall shear stress which is obtained by the Reynolds number.  
  
Figure 4. 13. Predicted friction factor against the experimental data (laminar regime) 
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Figure 4. 14. Predicted hydraulic radius against the experimental data (laminar regime) 
For the turbulent range,  Figure 4. 15 to Figure 4. 18compare the models average 
velocity against the experimental data for kaolin suspensions 10% and 12.5%. The 
complete comparison for all suspensions tested are presented in Appendix C. The 
turbulent regime models used to predict the average velocity are listed in Table 4. 2.  
As seenthe Haldenwnag-Slatter model only gives the best prediction and the 
prediction by Wilson-Thomas is also in a good agreement with the measured data from 
the experiment.    
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Figure 4. 15. Predicted Average Velocity vs Measured Velocity ( Kaolin 10% kg/kg Slope 3%,4%, 
Turbulent Regime) 
 
Figure 4. 16. Predicted Average Velocity vs Measured Velocity ( Kaolin 10% kg/kg Slope 5%,6%, 
Turbulent Regime) 
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Figure 4. 17. Predicted Average Velocity vs Measured Velocity ( Kaolin 10% kg/kg Slope 7%,8%, 
Turbulent Regime) 
  
Figure 4. 18. Predicted Average Velocity vs Measured Velocity ( Kaolin 12.5% kg/kg Slope 5%,6%, 
Turbulent Regime) 
A similar comparison for the friction factor and hydraulic radius in the turbulent 
regime has been presented in Figures 4.32 and 4.33. Of those previously published 
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models, it can be seen from the plots that the Wilson-Thomas model (1985) gives the 
best agreement with the experimental data. However, Haldenwang (2003), Dodge-
Metzner  (Dodge and Metzner, 1959) and Wilson-Thomas (2006) models provide a 
relatively close prediction of hydraulic radius compared to the measured data, while 
the poor flow prediction appears to be associated with Darby (1990) model. 
 
Figure 4. 19. Predicted friction factor against the experimental data (turbulent regime) 
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Figure 4. 20. Predicted hydraulic radius against the experimental data (turbulent regime) 
Comparisons of the models with the experimental results shown in the figures above 
are purely visual. Differently stated, from the figures, it is not possible to compare the 
accuracy of each model in flow prediction. To obtain an objective measure, Burger et 
al. (2015) adopted the method recommended by Lazarus and Nielson (1978) (Lazarous 
and Nielson, 1978).  This method employs the log standard error (LSE) made in one of 
the flow parameters (e.g. average velocity, friction factor and hydraulic radius). 
Despite being simple , the model evaluation does not take into the account the effect 
of all flow parameters simultaneously, and the model's comparison is limited to only 
one parameter (often average velocity).  
To consider the effect of all flow parameters predicted by each model, a combined 
error focussed on the channel slope is adopted.  The channel slope is a function of 
three individual flow parameters namely friction factor, hydraulic radius and average 
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velocity. On this basis, the uncertainty in the channel slope caused by the error of 
independent parameters can be determined by the root-sum-square (RSS) expression 
(Tang et al., 2012, Javadi et al., 2015c). For lower RSS a better fit to the experimental 
data is made by the model.  RSS is given as: 
𝑆𝑜 = 𝐹(𝑓, 𝑅ℎ , 𝑉)  (4.2) 
𝑅𝑆𝑆 = 𝛿𝑆𝑜 = √(
𝜕𝑆𝑜
𝜕𝑓
𝛿𝑓)2 + (
𝜕𝑆𝑜
𝜕𝑅ℎ
𝛿𝑅ℎ)2 + (
𝜕𝑆𝑜
𝜕𝑉
𝛿𝑉)2 (4.3) 
where 𝛿𝑓, 𝛿𝑅ℎ and 𝛿𝑉 are mean root squared errors in friction factor, hydraulic 
radius, and average velocity respectively. The errors are the deviations of the predicted 
parameter from the measured parameter.   
Figure 4. 21 shows the RSS values obtained from various models for the tested 
suspensions in the laminar regime. The RSS values, in particular, the averaged RSS, 
suggest that the Haldenwang-Slatter model gives the closest agreement with the 
measured data. Of these four models, Burger et al. (2010) also provides comparable 
RSS value.  
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Figure 4. 21. Root-Sum-Square (RSS) from models for various suspensions (laminar regime) 
Nevertheless, despite having the most accurate flow predictions by the Haldenwang-
Slatter model, this model still overpredicts the average velocity. Furthermore, the 
overprediction is more pronounced as velocity increases. To quantitatively verify that, 
the plots of normalized average velocity versus the predicted velocity deviation for 
fluids tested are shown in Figure 4. 22 toFigure 4. 24.. 
The normalized velocity is the ratio of the measured velocity to an averaged velocity. 
The averaged velocity is the average value of various velocity measured from the 
multiple flow rate on a constant flume slope for a tested suspension. The velocity 
deviation, on the other hand, is defined as the predicted average velocity by the 
Haldenwang–Slatter model, for a given flow rate and flume slope minus the measured 
velocity. The greater the velocity deviation, the higher over-prediction is made by the 
model. 
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Figure 4. 22. Haldenwang-Slatter Model Predicted Velocity Deviation versus Normalized Velocity 
(kaolin 7.5%) 
 
Figure 4. 23. Haldenwang-Slatter Model Predicted Velocity Deviation versus Normalized Velocity 
(kaolin 10%) 
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Figure 4. 24. Haldenwang-Slatter Model Predicted Velocity Deviation versus Normalized Velocity 
(kaolin 12.5%) 
As shown, however with some exceptions,  there is a clear tendency by the 
Haldenwang-Slatter model to overpredict the average velocity.  The velocity 
overprediction is even higher with the average velocity increasing. It is believed to be 
attributed to the wall shear stress underprediction being obtained using the bulk shear 
rate, since the bulk shear rate at the wall is clearly lower than the true shear rate and 
becomes even lower with average velocity increasing in the laminar regime. Therefore, 
the underpredicted wall shear stress by this model (Reynolds number) results in the 
average velocity overprediction.  
Figure 4. 25 shows the RSS values from various models for the tested suspensions in 
the turbulent regimes. In this flow range, predictions by the models developed by 
Wilson-Thomas (2006, 1985) agree closely with the data obtained from the work 
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experimental work. For the range of flow rates achieved in the turbulent regime,  the 
Haldenwang-Slatter turbulent flow model also provides a comparable flow prediction. 
Given the close prediction given by the Wilson-Thomas model, it appears that the 
phenomenon of viscous sub-layer thickening assumed by this pipe flow model might 
occur in the flow of non-Newtonian material in open channels as well. However, 
replacing the pipe diameter with the hydraulic radius would not result in an 
appropriate open channel analytical flow prediction model. Hence, further analytical 
investigations, using the open channel near wall mechanism, are still required to 
evaluate the turbulent flow of non-Newtonian material in open channels including the 
viscous sub-layer thickness, the effect of material’s rheology on this layer and the open 
channel flow velocity profile. 
 
Figure 4. 25. Root-Sum-Square (RSS) from models for various suspensions  (turbulent regime) 
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4.4 Conclusion 
In this chapter, the experimental observations and evaluation of the existing open 
channel models using the dataset compiled for this study have been detailed. The 
observations showed that the flow behaviour of such material in an open channel is 
appreciably different from that of pipe flow.  
For instance, plotting the wall shear stress versus average velocity, in the range of the 
turbulent regime, the wall shear stress at varying channel slope begin to converge and 
ultimately appears to approach an asymptote. In fact, with any increase in the channel 
slope, the flow depth becomes shallower, and the wall shear stress does not change 
appreciably.  
Furthermore, unlike the previous findings reported in the literature, the critical 
Reynolds number at which the flow conditions convert from laminar to transition, 
were observed to be as high as that for Newtonian fluids (2000-3000). However, the 
transition tends to occur at lower Reynolds number with the suspension’s apparent 
viscosity increasing. Also, for a given non-Newtonian fluids, the critical Reynolds 
number rises as the channel’s slope increases. It is believed that the influence of the 
flow boundary in a shallower flow, caused by the steeper channel is more pronounced. 
This helps to maintain the flow in the laminar regimes at higher Reynolds number. 
Using a mixture of real tailings (i.e. zinc tailings with an inherent settling behaviour) 
and kaolin suspension as the test fluid, particle deposition has been observed. Particle 
deposition was identified with the plot of wall shear stress versus bulk shear rate 
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which was distinctively different from the typical plots seen for homogeneous open 
channel flow.  
In this chapter, the evaluation of the existing laminar and turbulent flow models 
reported in the literature including the dataset compiled for this thesis was also 
presented. To validate the models, a combined error in the channel slope made by the 
models’ prediction has been adopted.   
In the laminar regime, root-sum-square (RSS) values show that the Haldenwang-Slatter 
model gives the tightest agreement with the measured data. Nevertheless, despite 
having the most accurate flow predictions by Haldenwang-Slatter model, this model 
still overpredicts  the velocity, and this was  more pronounced as the velocity average 
increasing. The model overprediction is understood to be attributed to the wall friction 
forces being calculated using the bulk shear rate instead of the real shear rate. Hence 
the wall shear stress, which is predicted using the bulk shear rate, underpredicts the 
magnitude of the friction force and it subsequently results in the average velocity 
overprediction. 
The Wilson-Thomas model achieved the best turbulent flow predictions. This model is 
one of the few pipe flow models which has been analytically developed using the 
turbulent flow velocity profile affected by the drag reduction phenomenon. With the 
close predictions obtained by this model, the phenomenon of the viscous sub-layer 
thickening caused by the drag reduction is more likely to occur in the flow of non-
Newtonian material in open channels as well. However, further analytical 
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investigations, taking account of the mechanisem for open channel flow near wall, are 
still required to appropriately develop an open channel turbulent flow model.  
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5 Model Development  
5.1 General Introduction 
The main objective of this research was to develop new analytical models to predict 
laminar, transitional and turbulent flow for thickened tailings slurry in open channels. In the 
absence of an analytical model for open channel design, the new models are considered as 
an approach for predicting the flow behavior for design engineers as well. The majority of 
the models reported in the literature, as comprehensively explained and evaluated with the 
experimental data in the previous chapters, have been empirically developed using the 
experimental results. Furthermore, the fundamental basis from which the existing models 
have been derived, is mainly the pipe flow paradigm. 
This chapter presents the followings relationship developed for the open channel flow of 
non-Newtonian thickened tailings: 
 Laminar Regime 
 Onset of Laminar to Transitional 
 Transitional Flow 
 Turbulent Flow 
This chapter also presents the validation of the proposed models using the data set 
compiled for this research and the two independent data sets which were previously 
published (i.e. Haldenwang- Slatter (2006) and Burger et al. (2015).  
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5.2 Laminar Flow New Model 
In chapter 4, it was confirmed that the Haldenwang-Slatter model gave the best fit to the 
experimental results. However, it was also shown that this model tends to overpredict the 
average velocity so that the overprediction was even higher with the average velocity 
increasing. The model overprediction is explained as due to the wall shear stress 
underprediction by the Haldenwang-Slatter Reynolds number. In fact, this model utilizes the 
bulk shear rate instead of the true shear rate to predict the wall shear stress. Since the bulk 
shear rate at the wall is inherently lower than the true shear rate at the wall and becomes 
even lower with the average velocity increasing in the laminar regime, the wall shear stress 
is underpredicted. The greater the overprediction in the wall shear stress, the greater is the 
underprediction of average velocity obtained by the model.  
On this basis, the new model is expected to more accurately predict the wall shear stress. To 
achieve this, a new proposed Reynolds number is defined in a way that the true shear rate 
at the flow boundary is utilized.  
The laminar flow behaviour of a non-Newtonian fluid, with respect to open channel 
geometry, appears to lie between pipe flow and sheet (infinitely wide plane) flow (Slatter, 
2013b). Therefore, the new model is inevitably derived from the fundamental governing 
theory associated with both pipe flow and the sheet flow.   
The Darcy-Weisbach equation is commonly used for predicting the head loss of a laminar 
flow of Newtonian fluid in a pipe (Abulnaga, 2002): 
CHAPTER 5 121 
 
 
ℎ𝑓 =
64
𝑅𝑒
𝐿
𝐷
𝑉2
𝑔
 (5.1) 
where ℎ𝑓 is the head loss, Re is Reynolds number, L and D are the pipe length and Diameter 
respectively, and V is the average velocity. Rearranging the Darcy-Weisbach equation by 
considering momentum balance at the pipe or channel boundaries, Reynolds number and 
wall shear stress can be represented as follows: 
𝑅𝑒 =
8𝜌𝑉2
𝜏𝑤
 (5.2) 
𝜏𝑤 =
𝐷. ∆𝑃
4𝐿
 (5.3) 
where 𝜌 is slurry density, 𝜏𝑤 is the wall shear stress, and ∆𝑃 is pressure gradient (Chhabra 
and Richardson, 2008). With this new arrangement shown in equation 5.2, the definition of 
the Reynolds number as the ratio of inertia forces to boundary friction forces is more 
comparable to its traditional formulation. Substituting the hydraulic radius (𝐷 = 4𝑅ℎ) and 
channel slope 𝑆𝑜 in Equation (5.1), yields the following equation for open channel geometry 
(Abulnaga, 2002): 
𝑆𝑜 =
16
𝑅𝑒
 
1
𝑅ℎ  
𝑉2
𝑔
 (5.4) 
From Equations 5.2, 5.3 and 5.4, it is recognized that accurate flow behavior prediction 
depends on how accurately the Reynolds formulation can define the shear stress at the flow 
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boundary. For yield pseudoplastic fluids such as thickened tailings slurries flowing through 
an arbitrary geometry, the shear stress is a function of shear rate and the magnitude of the 
yield stress. For an infinitely wide channel, few models were defined to evaluate the shear 
rate at the wall (Slatter et al., 2010, Slatter, 2015, De Kee et al., 1990, Astarita et al., 1964). 
Considering an isothermal and time-independent non-Newtonian fluid flow, differentiation 
of velocity with respect to flow depth in the wall region can be related to bulk shear rate, 
giving (Slatter et al., 2010, Slatter, 2015): 
(
𝑑𝑣
𝑑ℎ
)
𝑤
= ?̇?𝑤  =
3𝑉
𝐻
(
2𝑛∗ + 1
3𝑛∗
)
(5.5) 
𝑛∗  =
𝑑𝑙𝑛(𝜏𝑤)
𝑑𝑙𝑛(
3𝑉
𝐻 )

(5.6) 
where H is flow depth. 
To define a new model to more accurately predict the shear stress at the flow boundary, the 
authors adopted Equations (5.2, 5.5, 5.6) for a Herschel-Bulkley fluid. Among the non-
Newtonian mathematical models, the Herschel-Bulkley fits very closely the flow behaviour 
of  a broad range of suspensions including sewage sludge and thickened tailings. The 
Herschel-Bulkley model is written as: 
𝜏 = 𝜏𝑦 + 𝐾?̇?
𝑛 (2.2) 
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where ?̇? is shear rate. Replacing the true wall shear stress in Equation (5.2) and substituting 
hydraulic radius with flow depth in Equation (5.5), the Rynolds number is given as: 
𝑅𝑒𝑁𝑒𝑤 =
8𝜌𝑉2
𝜏𝑦 + 𝐾(
3𝑉
𝑅ℎ
(
2𝑛∗ + 1
3𝑛∗ ))
𝑛
 (5.7) 
where 
𝑛∗  =
𝑑𝑙𝑛(𝜏𝑤)
𝑑𝑙𝑛(
3𝑉
𝑅ℎ
)

(5.8) 
Unlike the Haldenwang-Slatter model, this model adopts the true shear rate of sheet flow 
instead of the bulk shear rate presented in Table 5.1. Therefore, the new Reynolds number 
arrangement in the new model is believed to result in a more accurate wall shear stress 
evaluation at the flow boundary. In Table 5.1, wall shear stress, bulk, and real shear rate 
formulations for pipe, sheet, and open channel boundaries are highlighted. 
Table 5. 1 Wall shear stress, bulk, and real shear rate formulations for pipe, sheet, and open channel 
boundaries 
Flow Paradigm 
Bulk shear 
rate 
Averaged Wall 
Shear Stress 
Bulk Shear Rate n* 
Pipe Flow 
8𝑉
𝐷

𝐷∆𝑃
4𝐿

8𝑉
𝐷
(
3𝑛∗ + 1
4𝑛∗
) 𝑛∗  =
𝑑𝑙𝑛(𝜏𝑤)
𝑑𝑙𝑛(
8𝑉
𝐷 )

Sheet Flow 3𝑉
𝐻
 𝜌𝑔𝐻𝑠𝑖𝑛𝛼
3𝑉
𝐻
(
2𝑛∗ + 1
3𝑛∗
) 𝑛∗  =
𝑑𝑙𝑛(𝜏𝑤)
𝑑𝑙𝑛(
3𝑉
𝐻 )

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Flow Paradigm 
Bulk shear 
rate 
Averaged Wall 
Shear Stress 
Bulk Shear Rate n* 
Open Channel Flow 
3𝑉
𝑅ℎ
 𝜌𝑔𝑅ℎ𝑠𝑖𝑛𝛼
3𝑉
𝑅ℎ
(
2𝑛∗ + 1
3𝑛∗
) 𝑛∗  =
𝑑𝑙𝑛(𝜏𝑤)
𝑑𝑙𝑛(
3𝑉
𝑅ℎ
)

5.3 Transitional and Turbulent Flow New Models 
In Chapter 2, it was shown that the current knowledge reported in the literature still lacks 
analytical flow modeling, in particular, for the turbulent and transitional regimes. Given the 
complexity associated with open channel flow, most turbulent and transitional flow models 
are derived from the pipe flow paradigm (Haldenwang and Slatter, 2006, Haldenwang et al., 
2010, Burger et al., 2015). These models, however, inevitably incorporate inputs obtained 
from experimental data correlation.  
The ideal outcome here would be to develop new models from a fully theoretical 
fundamental basis. But this outcome is sorely compromised by the relative difficulty of 
modeling turbulent flow fluid dynamics, as history has demonstrated.Hence, it is, at least 
desirable, to construct analytical models that dispense with the reliance on pipe flow and 
the empirical inputs obtained from flume data.     
In this work, therefore, two analytical models are proposed to predict the flow behavior of 
the non-Newtonian thickened tailings in both transitional and turbulent regimes. Given the 
historical context (Hanks, 1963 b, Hanks, 1963 a, Govier and Aziz, 1972) an adequate model 
for the turbulent flow of non-Newtonians must begin from Newtonian turbulent flow, which 
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itself is a complex phenomenon. However, all that is usually required is a reasonable 
approximation to the velocity distribution (Wilson and Thomas, 1985, Wilson and Thomas, 
2006). Therefore, one can develop new models which are analytically derived from the 
velocity distribution of Newtonian fluid flow in an open channel that has been accurately 
measured by researchers using Laser Doppler Anemometry (LDA) (Tominaga and Nezu, 
1992, Kirkgöz and Ardiçlioğlu, 1997).  
Furthermore, the models should be defined such that they reflect the effect of the non-
Newtonian behavior of the material which affects the velocity distribution. To secure this, it 
is assumed that the material’s rheology would thicken the viscous sublayer that is described 
as the drag reduction mechanism (Lumley, 1969, Wilson and Thomas, 1985, White and 
Mungal, 2008). Drag reduction is a phenomenon occurring in the turbulent flow of aqueous 
fluid carrying a small quantity of long-chain organic molecules that results in a reduction of 
frictional resistance in pipelines and open channels, or in the drag experienced by 
submerged bodies. When polymers are added to turbulent flow, the long-chain organic 
molecules are subjected to the local flow conditions and undergo tumbling, flow 
orientation, chain stretching, and relaxation. The combined effect of all these changes is 
reflected in an intrinsic elastic stress which alters the flow fields and dynamics of near-wall 
turbulent structures which dominate momentum transfer at the wall. The macroscopic 
result is a significant reduction of the friction factor (Campolo et al., 2015).    
Wilson-Thomas (1985, 2006), adopting the drag reduction theory, proposed an analytical 
model for the flow of non-Newtonian suspensions in pipes (Wilson and Thomas, 1985, 
Wilson and Thomas, 2006). This model assumed that the drag reduction would thicken the 
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viscous sublayer that accounts for a large change in velocity because of its high strain rate. 
Nevertheless, the velocity profiles in the viscous sublayer and region above the viscous sub-
layer will remain linear and logarithmic respectively as observed for Newtonian fluid flow 
(Equations 5.09 and 5.10) (Wilson and Thomas, 2006, Wilson and Thomas, 1985).   
𝑢
𝑢∗
=
𝜌𝑢∗𝑦
𝜇𝑒𝑓𝑓
  (5.09) 
𝑢
𝑢∗
=
1
𝑘
𝑙𝑛(
𝜌𝑢∗𝑦
𝜇𝑒𝑓𝑓
) + 𝐵  (5.10) 
Where  𝑢 : Point velocity (m/s) 
𝑢∗ : Shear velocity (m/s) 
𝜌  : Slurry Density (kg/m3) 
𝑦 : Distance from wall (m) 
𝜇𝑒𝑓𝑓 : Effective viscosity (Pa.s) 
𝑘 : Von Karman Constant  
𝐵 : Constant (=5.5 as measured by Nikuradse 1950 for pipe flow)  
In open channel flow, the flow dynamics in the near-wall flow regions have been reported to 
be substantially different from that observed in pipe flow (Pu, 2013, Yang et al., 2004, 
Castro-Orgaz et al., 2012).  For instance, apart from the viscous sublayer existing in both 
pipe flow and open channel flows, two distinctive flow regions (1) inner (log law) and (2) 
outer have been observed using LDA (Song and Grag, 1996, Tominaga and Nezu, 1992, 
Sarma et al., 1983, Pu, 2013). Conversely, in pipe flow, the inner region with logarithmic 
velocity profile only is formed. 
For the inner region of an open channel flow, the log law is universally recognized that the 
dimensionless velocity term, i.e., the ratio of mean velocity u to shear velocity u∗,  
u
u∗
  is   
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linearly proportional to the logarithmic distance normal to the boundary, i.e., ln (y). The 
slope of the velocity profile in a plot of average velocity versus ln(y) has been reported to be 
approximately constant and equals 2.5 times of the global shear velocity (Tracy and Lester, 
1961, Yang et al., 2005). But the magnitude of B, i.e., the intercept ln(y0) that extends the 
linear relationship between,  
u
u∗
  and ln (y) to 
u
u∗
= 0 is a variable and depends on the local 
shear velocity. The measured values, which have been reported by several researchers, for B 
obtained from Laser Doppler Anemometry (LDA) measurements indicates different values 
varying between 4.9 to 7, and that is significantly dependent on the flow properties (Yang et 
al., 2004). For pipe flow, the generally accepted value of B=5.5 is usually used. The inner 
region is controlled by the inner variables, such as the fluid kinematic viscosity, the local 
shear velocity 𝑢∗, and the perpendicular distance to the boundary (Schlichting, 2017). 
In the outer region, the anisotropic turbulence involving Prandtl’s second type of secondary 
currents occurs in the cross section of an open channel. With these currents, the maximum 
velocity appears below the free surface, which is called the dip phenomenon (Bonakdari et 
al., 2008, Castro-Orgaz et al., 2012, Yang et al., 2004). In this region, where the maximum 
velocity occurs at some distance below the free surface in a vertical plane, the velocity 
deviation from the logarithmic law is found to be linearly proportional to the logarithmic 
distance from the free surface (Yang et al., 2004). 
In addition, to account for the material’s non-Newtonian behaviour, we assume that drag 
reduction is a mechanism that can also exist in the open channel flow of non-Newtonian 
material due to the material’s rheological behavior. In fact, the drag reduction caused by the 
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viscous sublayer thickening is boundary shape independent, i.e., independent of flow 
boundary and cross-sectional shape.  
In the transitional range, it is believed that, due to material yield stress, there would still be 
plug flow established in the outer region away from the flow boundary, whilst in the fully 
turbulent range, the plug would disappear with chaotic eddies and vortices extending over 
the mid cross-section of the flow area. Therefore, the transitional flow regime would not be 
susceptible to the dip velocity phenomenon.  
Using the underpinning theories and assumptions mentioned above, two models are 
defined to predict the flow of non-Newtonian thickened tailings in the transitional and 
turbulent ranges.  
For flow of Newtonian fluid through channels, Yang et al. (2004) defined a simplified 
Reynolds shear stress (𝑢′𝑣′̅̅ ̅̅ ̅̅ ) as follows:  
−
𝑢′𝑣′̅̅ ̅̅ ̅̅
𝑢∗2
= (1 −
𝑦
ℎ
) − 𝛽
𝑦
ℎ
 
(5.11) 
Where  𝑢′, 𝑣′ : Turbulent Fluctuation Velocity Componenets (m/s) 
u∗ : Shear Velocity (m/s) 
y  : Distance from wall (m) 
ℎ : Flow depth (m) 
The second term on the right-hand side of the Equation (5.11) reflects the influence of 
secondary currents (i.e. 𝑢𝑣). Therefore, as seen in this equation, this term shifts the 
maximum velocity in  the vertical profile from the surface.  
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The Reynolds shear stress is defined as: 
−𝑢′𝑣′ = 𝜗𝑡
𝑑𝑢
𝑑𝑦
 
(5.12) 
Where ϑt is eddy viscosity. The eddy viscosity was successfully measured using LDA 
measurement for the Newtonian fluid in open channels(Nakagawa and Nezu, 1993) and the 
results showed that the measured ϑt can be modeled by the following empirical equation:  
𝜗𝑡 = 𝑘𝑢∗𝑦(1 −
𝑦
ℎ
) (5.13) 
Substituting Equations (5.12) and (5.13) into Equation (5.11), one can obtain, however with 
few simplifications:  
𝑢
𝑢∗
=
1
𝑘
𝑙𝑛(
𝑦
𝑦0
) +
𝛽
𝑘
𝑙𝑛(1 −
𝑦
ℎ
) 
(5.14) 
Where 𝑦0 is distance at which the velocity is hypothetically equal zero and approximately 
equating the viscous sublayer thickness (𝛿𝑣).  𝛽 is the velocity profile correction due to the 
dip phenomenon and is the only imperical input incorporated into the model. This 
parameter have been found to appear as (Yang et al., 2004): 
𝛽 = 1.3 exp (
−𝑏
2ℎ
) (5.15) 
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Where b and h are channel width and flow depth respectively.  
To this end, a velocity profile for Newtonian fluid in open channels is presented. For a non-
Newtonian fluid, the velocity profile is believed to be altered due to thickening of the 
viscous sublayer. The viscous sublayer thickness can be obtained from the intercept of the 
viscous sublayer velocity profile with the logarithmic velocity profile (i.e. equation 5.14) and 
for a Newtonian fluid is given as:  
𝛿𝑣 = 11.38
𝜌
𝜇𝑢∗
   (5.16) 
Where  𝛿𝑣 : Viscous Sublayer Thickness (m) 
u∗ : Shear Velocity (m/s) 
ρ  : Slurry Density (kg/m3) 
𝜇 : Plastic viscosity (Pa.s) 
For the non-Newtonian case, 11.38 is replaced with its thickened viscous sublayer, i.e. 
11.38α. α accounts for the viscous sub-layer thickening and is defined as the ratio of the 
rheogram areas (non-Newtonian/Newtonian) at a shear stress equivalent to the wall shear 
stress (Thomas and Wilson, 2007, Javadi et al., 2015c). For Herschel-Bulkley materials, the 
ratio is given as (Javadi et al., 2015c): 
𝛼 =
2(𝑛 + 1)𝜏𝑦 + 2 (𝜏𝑤 − 𝜏𝑦)
(𝑛 + 1)𝜏𝑤
 (5.17) 
Having substituted Equations (5.15) and (5.16) into Equation (5.14),  integration of Equation 
(5.14) with respect to y and using the thickened viscous sublayer yields: 
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𝑉
u∗
=
1
𝑘
𝑙𝑛(
𝜌u∗𝑅ℎ
11.38𝛼𝜇
) +
𝛽
𝑘
((1 −
11.38𝛼𝜇
𝜌u∗𝑅ℎ
) × ln ( 1 −
11.38𝛼𝜇
𝜌u∗𝑅ℎ
) − (1 −
11.38𝛼𝜇
𝜌u∗𝑅ℎ
) (5.18) 
Where  𝑉 : Average Velocity (m/s) 
𝑢∗ : Shear velocity (m/s) 
𝜌  : Slurry Density (kg/m3) 
𝑅ℎ : Hydraulic Radius (m) 
𝜇 : Plastic viscosity (Pa.s) 
𝑘 : Von Karman Constant  
In the transitional regime, with the presence of a plug forming in the outer region, the 
velocity profile is more flattened compared to a fully turbulent regime at the same slope 
and wall shear stress. In fact, the maximum velocity occurs at a distance (i.e. 𝑦𝑦) from the 
wall at which the local shear stress equals yield stress and extends to the flow surface. 
Therefore, the average velocity of a transitional flow is less than that which is observed in 
the turbulent regime. Using Equation (5.14), one can obtain the velocity profile for the 
sheared and pluge zones in the transitional regime as follows:   
 Sheared Zone,  0 < 𝑦 ≪ 𝑦
𝑦
 
𝑢
𝑢∗
=
1
𝑘
𝑙𝑛(
𝑦𝜇√𝜏
11.38𝛼𝜌√𝜌
) +
𝛽
𝑘
𝑙𝑛(1 −
𝑦
ℎ
)  (5.19) 
 Plug Zone,  yy ≪ y ≪ h 
𝑢
𝑢∗
=
1
𝑘
𝑙𝑛(
𝑦𝜇√𝜏𝑦
11.38𝛼𝜌√𝜌
) +
𝛽
𝑘
𝑙𝑛(1 −
𝑦
ℎ
)  (5.20) 
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Where τ is the local shear stress. 
Integrating Equations (5.19) and (5.20) with respect to y and replacing the flow depth with 
hydraulic radius, the average velocity in the transitional regime is proposed as follows: 
𝑉
u∗
=
1
𝑘
𝑙𝑛(
𝜌u∗𝑅ℎ
11.38𝛼𝜇
) +
𝛽
𝑘
((1 −
11.38𝛼𝜇
𝜌u∗𝑅ℎ
) × ln ( 1 −
11.38𝛼𝜇
𝜌u∗𝑅ℎ
) − (1 −
11.38𝛼𝜇
𝜌u∗𝑅ℎ
) − 𝜃 
(5.21) 
Where, θ is the velocity profile correction due to the yield stress causing an affect on the 
velocity profile in the plug region of the flow. It is defined as: 
𝜃 =
1
𝑘
(
𝑙𝑛
𝜏𝑤
𝜏𝑦
1 −
𝜏𝑦
𝜏𝑤
) +
1
𝑘
𝑒𝑥𝑝(
−𝑏
2𝑅ℎ
) (5.22) 
5.4 Transitional Flow Onset Determination 
Given the settling behavior of almost all suspensions – including thickened tailings – in the 
laminar regime,  it is often desired to design a system to operate in the transitional or 
turbulent ranges. For non-Newtonian fluid suspensions, the arbitrary velocity fluctuations 
caused by the onset of transitional flow, can stir up and resuspend settling particles. Hence, 
it is of critical importance to accurately predict the onset of transition for such flows.  
 For non-Newtonian flow in a pipe, many attempts have been made to distinguish the 
transition point from laminar to turbulent. By analogy to Newtonian fluid transitional 
behavior, and assuming that the transition occurs at about 𝑅𝑒=2,100, a few criterion to 
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determine the onset of the transitional flow have been developed (Hanks, 1963 b, Hanks, 
1963 a, Govier and Aziz, 1972, Metzner and Reed, 1955, Griffiths, 2012). 
Slatter and Wasp (2000) evaluated the models and attempted to define the critical velocity. 
The critical velocity is a velocity at which the flow is at the limit of departure from the 
laminar to the turbulent regime. It was found that, depending on the Hedstrӧm number 
value, the critical velocity would vary. On this basis, three empirical models were developed 
for three different ranges of Hedstrӧm number (Slatter and Wasp, 2000). This approach was 
further analytically investigated by Wilson and Thomas (Wilson and Thomas, 2006) with an 
incremental improvement. In the open channel flow, the most recognized models are those 
which were presented by Haldenwang at al. as explained in Chapter 2 (Haldenwang et al., 
2010). 
In this research work, an analytical criterion for the laminar/turbulent transition is 
developed by introducing a stability number. The stability is based on the assumption that 
at the limit of the transitional zone, the laminar shear velocity (𝑈𝐿
∗) approaches the 
turbulent regime shear velocity (𝑈𝑇
∗) and the stability number is defined as the ratio of 
these two parameters (Javadi et al., 2015a).   
The laminar and turbulent shear velocities are defined as (Kundu and Cohen, 2011): 
𝑈𝐿
∗ = 𝑉√
𝑓𝐷(𝐿𝑎𝑚.)
8
 (5.23) 
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𝑈𝑇
∗ = 𝑉√
𝑓𝐷(𝑇𝑢𝑟.)
8

(5.24) 
Where 𝑓𝐿 and 𝑓𝑇  are the friction factors defined from the laminar and turbulent regimes 
respectively.  
Adopting the assumption that at the flow regime change the ratio of the laminar shear 
velocity to the turbulent shear velocity approaches unity, and in fact, with few 
manipulations and simplifications, the stability number (St) is defined as follows:  
𝑆𝑡 =  √𝑆𝑜 − 0.14√𝑅𝑒 + 𝑙𝑛 ( 
4𝜌𝑅ℎ
1.5𝑔0.5
 𝜇𝑒𝑓𝑓(100)
 ) + 1
(5.25) 
Where, 𝜇𝑒𝑓𝑓(100) is the apparent viscosity, defined here as the slope of the tangent line to 
the rheogram curve at the shear rate of 100 s-1s. 
The magnitude of k indicates the flow regimes and can vary from infinitely negative for 
extremely turbulent to infinitely positive for extreme laminar flows. 
For  St <1 Transitional/turbulent flow. 
 St >1 Laminar flow. 
 St =1 Critical flow. 
5.5 New Model Validation and Evaluation 
The validation and evaluation of the newly proposed models are performed using the 
multiple experimental datasets. The main data being used is the measurement obtained 
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from the experimental trials which were specifically set up for this research work that was 
described in Chapter 3. Table 5. 2 presents the rheological parameters of tested material. 
Table 5. 2 Rheological parameters of tested material 
Fluid Model 
Conc.           
(% w/w) 
Herschel-Bulkley Bingham Plastic 
𝜏𝑦 (𝑃𝑎) 𝐾 (𝑃𝑎 𝑠𝑛) 𝑛 𝑅
2 𝜏𝑦 (𝑃𝑎) 𝐾 (𝑃𝑎 𝑠) 𝑅2 
Kaolin 7.5 1.38 0.1183 0.50
27 
0.997
6 
2.02 0.0048 0.96
2 
 10 2.45 0.1653 0.48
43 
0.999 3.45 0.0052 0.91
0 
 12.5 4.08 0.7109 0.33
2 
0.946
1 
6.31 0.0084 0.87
9 
Copper Tailings + Kaolin    10 1.17 0.2949 0.39
74 
0.998 2.57 0.0047 0.90
1 
Zinc Tailings + Kaolin    10 1.51 0.0581 0.61
04 
0.967
7 
2.01 0.0049 0.93
1 
The other datasets are the experimental trials conducted by Haldenwang-Slatter (2006) and 
Burger et al. (2010). They published two extensive datasets of non-Newtonian material flow 
in channels with various shapes.  The experimental works were performed at the Flow 
Process Research Centre at the Cape Peninsula University of Technology. The fluids involved 
were kaolin and bentonite clay suspensions and carboxymethylcellulose (CMC) solution at 
various concentrations. Of these fluids, kaolin suspension is best described by the Herschel-
Bulkley rheological model. On this basis and with the fact that the thickened tailings 
materials are often best presented by this rheological model,  the data of this suspension 
are extracted from these two datasets and used for this study. Table 5. 3 shows the 
rheological parameters of the selected fluids.  
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Table 5. 3 Rheological parameters of selected fluids from Haldenwang-Slatter (2006) and Burger et al. (2010) 
Datasets  
Fluid Model 
Conc.           
(% v/v) 
Herschel-Bulkley  Bingham Plastic 
𝜏𝑦 (𝑃𝑎) 𝑘 (𝑃𝑎 𝑆𝑛) 𝑛 𝜏𝑦 (𝑃𝑎) 𝑘 (𝑃𝑎 𝑆) 
Kaolin 10 21.311 0.524 0.468 23.80 0.017 
(Haldenwang-Slatter  7.1 10.551 0.834 0.387 13.60 0.015 
Data Set) 5.3 4.985 0.030 0.717 5.24 0.005 
       
Kaolin        
(Burger et al. Data Set) 9 19.00 0.210 0.616 20.25 0.003 
 7.1 11.56 0.148 0.557 12.46 0.009 
 5.4 4.40 0.084 0.582 4.87 0.004 
5.5.1 Laminar Flow New Model 
The new laminar model presented in this chapter requires accurate rheometer data. To 
obtain the rheological parameters and in particular 𝑛∗, similar to the Rabinowitsch-Mooney 
work for the tube viscometer, it is preferred to set up a lab-scale flume from which 𝑛∗ can 
be determined graphically or by numerical differentiation. Alternatively, 𝑛∗ can be 
determined from the calculation in which channel wall shear stress substitutes in the 
rheology model obtained from rotational rheometry or pipe loop results. Although in terms 
of time and cost, the later approach appears more attractive, our calculations indicated that 
the 𝑛∗ value provided by the former approach agrees more closely with the experimental 
results. In our approach to predicting the average velocity of slurry flow through a channel, 
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𝑛∗ was obtained from the slopes of the linear curves fitting onto the wall shear stress versus 
the bulk shear rate on logarithmic axes.   
Figure 5. 1 illustrates the plots of 𝜏𝑤 versus bulk shear rate for Kaolin suspensions at 10 % 
and 6 % concentration. The slope of the lines fitting the data in the flume test determines 
𝑛∗. For Kaolin 10 %, a single fitting line collapses onto all data measured even at varying 
channel slopes that it gives a single value for  𝑛∗. However, for kaolin 6 %, despite the fitting 
line being linear, multiple fitting lines with slight differences in the slope were observed 
(shown in Figure 5. 1). For these cases, it is recommended that the average values of 𝑛∗ 
from different slopes should be used. It is noteworthy to state that only for a power-law 
fluid, a unique slope is ideally expected to be determined at even varying slope in flume 
loop runs. However, for practical usefulness, because of the short range of bulk shear rates 
available, the assumption of a single value for 𝑛∗ for a given material has been made, and 
the  𝑛∗ value varies from one material to another.  
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(a) 
 
(b) 
 
(c) 
Figure 5. 1 𝐧∗ Determination for Kaolin 10 and 6 % 
Table 5. 4 summarizes the maximum deviations of 𝑛∗ obtained from the different slopes of 
the tested material, and the predicted velocity deviations. It is obvious that the highest 
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standard deviation (e.g. 14.35 %, kaolin 6 %) for 𝑛∗  causes a maximum of only 1.53 % 
deviation in the predicted velocity, which becomes even lower as the solids content of 
slurries increases. In other words, for the flow range of this study, the predicted average 
velocity is not strictly sensitive to 𝑛∗. Therefore, using either the average value of  𝑛∗ from a 
dataset of several slopes or 𝑛∗ from the data of a single slope will not distort the predicted 
velocity. Thus it can be concluded that the data of a single slope will be sufficient to 
evaluate 𝑛∗. 
Table 5. 4, 𝐧∗ values and predicted average velocity deviation 
Item 
 Material  
Kaolin 10 % Kaolin 7.1 % Kaolin 6 % 
𝑛∗ at different channel slopes 
5° 0.0929 0.1545 0.1042 
4° 0.0807 0.1352 0.1029 
3° 0.0857 0.1254 0.0901 
2° 0.0858 … 0.1323 
n* Mean 0.086 0.138 0.107 
n* Standard Deviation 0.004 0.012 0.015 
n* Standard Deviation (%) 5.037 8.737 14.351 
Max deviation observed in the velocity caused 
by n* deviation (%) 
0.334 0.639 1.535 
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The new model validation is now performed in such a way that the predicted flow 
parameters are compared with that which were measured in the experimental trials for the 
different suspensions in the laminar regime. The flow parameters include the average 
velocity, friction factor and hydraulic radius.  
Figure 5. 2 to Figure 5. 7 compare the average velocity, friction factor and hydraulic radius 
predicted by the new proposed model with the measured data. It is evident that the flow 
parameter predictions, agree reasonably well with the experimental measurement. The 
complete comparison of the predicted flow parameters with that of the previously 
published experimental data is presented in Appendix C.  
 
Figure 5. 2. Predicted Average Velocity vs Measured Velocity ( Kaolin 7.5% Laminar Regime) 
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Figure 5. 3. Predicted Hydraulic Radius vs Measured Hydraulic Radius ( Kaolin 7.5% Laminar Regime) 
 
Figure 5. 4. Predicted Friction Factor vs Measured Friction Factor ( Kaolin 7.5% Laminar Regime) 
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Figure 5. 5. Predicted Average Velocity vs Measured Velocity (Kaolin 10% Laminar Regime) 
 
Figure 5. 6. Predicted Hydraulic Radius vs Measured Hydraulic Radius ( Kaolin 10% Laminar Regime) 
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Figure 5. 7. Predicted Friction Factor vs Measured Friction Factor ( Kaolin 10% Laminar Regime) 
In addition to the qualitative validation of the new model illustrated in the previous figures, 
the model prediction accuracy is compared quantitatively with the that of the existing open 
channel flow models (i.e. Haldenwang-Slatter, 2003 and Burger et. al., 2010). Figure 5. 8 
shows the RSS values from various models for the various suspensions from the current and 
the previously published data sets in the laminar regime. For lower RSS a better fit to the 
experimental data is made by model.  In this flow range, the values suggest, however with 
some exceptions, that the new models give the closest agreement with the measured data. 
This is in line with the results which were reported using the Haldenwang-Slatter (2006) 
database (Javadi et al., 2015c, Javadi et al., 2015b). Of these three models, the Burger et al. 
(2010) and Haldenwang-Slatter (2003) models also give comparable RSS value.  It is worth 
mentioning that the new proposed model employs an extra term of fluid index 𝑛∗ to 
evaluate the shear rate and hence the higher accuracy might be attributed to the 
incorporation of n∗into  this model.  
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(a) Burger et al. data, (b) Haldenwang-Slatter data 
Figure 5. 8. RSS values obtained by various models in the laminar regimes 
5.5.2 Transitional and Turbulent New Models 
Similar to that performed in the laminar regime, the proposed models for the transitional 
and the turbulent regime are also evaluated and validated using the experimental data. 
Figure 5. 9 to Figure 5. 14 plot the predicted velocity  and friction factor against the 
measured data. As seen, it is evident that the velocity predictions obtained from the new 
model and Haldenwag-Slatter (2006) model are in close agreement with the experimental 
measurements. The Burger et al. (2014) model considerably over predicts the average 
velocity, even for the data from which this model has been empirically derived. 
A similar comparison for the friction factor prediction in the turbulent regime is presented in 
Figures 5.20, 5.21 and 5.22. The friction factor predicted by the new model shows a 
significantly improved prediction in comparison to that obtained from the existing models.  
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Figure 5. 9 Predicted average velocity against the experimental data compiled for this study (kaolin 10%, 
turbulent regime) 
  
Figure 5. 10 Predicted average velocity against the experimental data from Burger et al. 2014 (kaolin 5.4%, 
turbulent regime) 
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Figure 5. 11  Predicted average velocity against the experimental data from Haldenwang-Slatter 2006 (kaolin 
6%, turbulent regime) 
 
Figure 5. 12. Predicted average velocity against the experimental data compiled for this study (kaolin 10%, 
turbulent regime) 
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Figure 5. 13 Predicted friction factor against the experimental data from Burger et al. 2014 (kaolin 5.4%, 
turbulent regime) 
 
Figure 5. 14  Predicted friction factors against the experimental data from Haldenwang-Slatter 2003 (kaolin 
6%, turbulent regime) 
Besides the qualitative comparison of the models, the accuracy of the new proposed models 
in the turbulent and transitional ranges are quantitatively evaluated. In Table 5. 5 and Figure 
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5. 15, the RSS values are summarized for different suspensions in the turbulent regime. In 
this flow range, the values indicate that the new model gives the closest agreement with the 
measured data. Of the two other models, however, the Haldenwang-Slatter model also 
gives comparable RSS values, but only for the measurements made in the 100-mm-wide 
channel.  
Table 5. 5 RSS values in the turbulent regime 
Data Burger et al. 
2015 
Haldenwang 
et al. 2010 
New Model 
Kaolin 7.5% 0.07597 0.11641 0.05957 
Kaolin 10% 0.11420 0.20048 0.07861 
Kaolin 12.5%  (c) 
Kaolin and Copper 
Tailings 10% 
0.09079 0.07906 0.06825 
Kaolin and Zinc Tailings 
10% 
0.12727 0.14820 0.05198 
Kaolin 5.4%
(a)
 0.11956 0.09492 0.01762 
Kaolin 7.1%
(a)
 0.13207 0.21903 0.02486 
Kaolin 9% 
(a)
 (c) 
Kaolin 6%
(b)
 0.10766 0.05828 0.01262 
Kaolin 7.1%
(b)
 0.10634 0.15134 0.01962 
Kaolin 10%
(b)
 0.1276 0.1276 0.0955 
(a) Burger et al. (2015) data 
(b) Haldenwang-Slatter (2006) data 
(c) Turbulent range was not observed due to high viscosity of suspensions 
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Figure 5. 15. RSS values in the turbulent regime 
In the transitional regime, it has been shown that the new transitional model retains the 
lower RSS. Note that the transitional regime was not observed at every solids concentration. 
At higher solids concentration (i.e. 9%, 10% and 12.5%) at which the suspensions are quite 
viscous, the transitional regime has only been observed. In this range of flow, for the flow of 
the kaolin suspension at the solids concentration of 9%, the RSS values of 0.0966, 0.4501 
and 0.2554 are yielded by the new model, Haldenwang-Slatter (2010) model, and Burger et 
al. (2015) model respectively. These values are 0.0715, 0.4942 and 0.2618 at the solids 
concentration of 10%. 
It is worth mentioning that the new models give better prediction when compared to the 
Haldenwang-Slatter (2006) model - even for the dataset from which the Haldenwang-Slatter 
model was developed. The same is also identified in the Burger et al. (2015) model using the 
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Burger et al. (2010) dataset. However, it is to be expected that an analytically based model 
gives better flow prediction in comparison with an experimentally developed model.   
Given the improved predictions by the proposed models, it can be confirmed that the 
analytical models adopting the sheet flow paradigm velocity profile for open channel flow 
provide a considerably better prediction over the current models which have been 
empirically derived from the pipe flow paradigm. Furthermore, the assumption of the 
viscous sublayer thickening appears to be valid in the vicinity of the open channel boundary 
as analogous to that which occurs in pipe flow. 
5.5.3 Transitional Flow Onset 
Table 5. 6 compares the observed Re numbers and k values at the onset of transition with 
the predicted values from the new model and transitional model proposed by Haldenwang 
et al. (2010). To enable a comparison of these two models’ accuracy, a quantitative analysis 
using relative error (RE) was performed. The RE measures the error made in the predicted 
parameters with each model, and is defined as follows: 
𝑅𝐸 =
|𝑝𝑖 − 𝑡𝑖|
𝑡𝑖

(5.18) 
where 𝑝𝑖 and 𝑡𝑖 are the predicted and measured values of the critical Reynolds and the 
stability numbers.  
In Table 5. 6, the results of the relative error observed for the Reynolds number and stability 
number predicted by Haldenwang et al. (2010) and the new model are presented 
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respectively. It reveals that, despite the analytical basis of the new model,  a poor 
agreement with the measured results are achieved compared to the Haldenwang et al.  
(2010) model.  Whilst, the Haldenwang et al. (2010) model determine the transition locus 
accurately. However, a further investigation still is required to analytically study the 
transitional onset determination.  
Table 5. 6 Comparison of observed Re numbers and 𝒌 values at onset of transition with the 
predicted values by each models 
  Haldenwang et al. (2010) Model   Javadi et al. (2015) Model 
Fluid 
Re at observed 
transition 
onset 
Predicted Re at 
onset of transition 
Relative 
Error 
 
 Observed 𝑆𝑡 values at 
onset of transition 
Relative 
Error * 
Kaolin 7.5%               
 
Slope 
3% 
1698 2105 0.24 
 
3.00 2.00 
 
Slope 
4% 
2009 2329 0.16 
 
2.31 1.31 
 
Slope 
5% 
2323 2508 0.08 
 
2.36 1.36 
 
Slope 
6% 
2583 2678 0.04 
 
1.31 0.31 
 
Slope 
7% 
2861 2755 0.04 
 
0.83 0.17 
  
Slope 
8% 
3074 2993 0.03   0.40 0.60 
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  Haldenwang et al. (2010) Model   Javadi et al. (2015) Model 
Fluid 
Re at observed 
transition 
onset 
Predicted Re at 
onset of transition 
Relative 
Error 
 
 Observed 𝑆𝑡 values at 
onset of transition 
Relative 
Error * 
Kaolin 10% 
       
 
Slope 
3% 
1338 2072 0.55 
 
3.99 2.99 
 
Slope 
4% 
1702 1865 0.10 
 
3.17 2.17 
 
Slope 
5% 
1968 1921 0.02 
 
2.67 1.67 
 
Slope 
6% 
2142 1555 0.27 
 
2.20 1.20 
 
Slope 
7% 
2452 2214 0.10 
 
1.71 0.71 
  
Slope 
8% 
2563 2357 0.08   1.43 0.43 
Kaolin 
12.5% 
              
 
Slope 
6% 
1310 1360 0.04 
 
3.89 2.89 
Copper Tailings 10%             
 
Slope 
5% 
2600 2566 0.01 
 
1.56 0.56 
 
Slope 
6% 
2978 2568 0.14 
 
0.84 0.16 
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  Haldenwang et al. (2010) Model   Javadi et al. (2015) Model 
Fluid 
Re at observed 
transition 
onset 
Predicted Re at 
onset of transition 
Relative 
Error 
 
 Observed 𝑆𝑡 values at 
onset of transition 
Relative 
Error * 
 
Slope 
7% 
2980 2587 0.13 
 
0.82 0.19 
 
Slope 
8% 
3013 2660 0.12 
 
0.72 0.29 
Zinc Tailings 10%             
 
Slope 
5% 
3109 2646 0.15 
 
0.90 0.10 
 
Slope 
6% 
2910 2719 0.07 
 
1.01 0.01 
 
Slope 
7% 
3207 2857 0.11 
 
0.42 0.58 
  
Slope 
8% 
3057 2861 0.06   0.61 0.39 
* k value at the transition is 1. 
5.6 Conclusion 
In the laminar regime, an alternative model of Reynolds number for thickened tailings slurry 
of yield pseudo-plastic type in open channel flow has been developed. This semi-theoretical 
approach was validated and found to agree closely with the flume loop experiment results. 
Having compared with the previously developed models, the better flow prediction by the 
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new models was obtainable and for the pseudo-plastic tested suspensions tested a 
maximum error of 10% by the new approach was observed.  
The new proposed Reynolds number gives the appropriate prediction of wall shear stress. 
To have an accurate prediction of friction losses on the flow boundary, it adopts the true 
wall shear rate instead of the bulk shear rate by using the fluid index (𝑛∗). The experimental 
result indicates, the standard deviation for fluid index of 5.04 %, 8.74% and 14.35% for 
Kaolin 10%, Kaolin 7.1% and Kaolin 6% respectively. The standard deviation decreases as 
slurry solid content increases. Nevertheless, the predicted velocity is not rigorously sensitive 
to the deviation of 𝑛∗ so that it varies by 1.54% with about 15% deviation in  𝑛∗ values. 
Therefore, using either the average value of 𝑛∗ obtained from data set of several slopes or 
𝑛∗ extracted from a single slope flume data, will not distort the predicted velocity. It is 
therefore concluded that a single slope flume data can be reasonably sufficient to evaluate 
𝑛∗.  
In this chapter, two new semi-analytical models for the transitional and turbulent regime 
have been introduced. The models have been derived analytically from the velocity 
distribution of Newtonian fluid flow in sheet flow and to reflect the effect of the non-
Newtonian behavior of the material, the velocity distribution is amended such that the 
viscous sublayer is thickened because of the drag reduction mechanism. 
The experimentally measured data along with two independent data sets (i.e. the 
Haldenwang-Slatter (2003) and Burger et al. (2010) data sets) are used to validate and 
evaluate the new proposed models. In addition to the new model validation, the models’ 
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prediction in both the transitional and turbulent regimes have been compared with that of 
the open channel models published in the literature (i.e. Haldenwang-Slatter 2010 and 
Burger et al. (2015).  
It is found that the new models, except the transitional loci determination model, provide a 
considerably better prediction over the current models. Most significantly, the new models 
give better flow behavior prediction when compared to the Haldenwang-Slatter (2010) 
model - even for the dataset from which the Haldenwang-Slatter model was developed. The 
same was observed for the Burger et al. (2015) model using the Burger et al. (2014) dataset. 
The quantitative comparisons of the proposed models with the current models were 
achieved using the combined error occurring in the channel slope prediction. 
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6 Summary, Conclusion, and RecommendationsGeneral Introduction  
This thesis presents an analytical and experimental investigation of the flow of thickened 
tailings material through open channels. Open channel transportation of the thickened 
tailings, as frequently encountered in mining, is a feasible option provided that sufficient 
gravity is available for the flow. However, in recent years, due to increase in thickened 
tailings solids concentration driven by water shortage, environmental and economic issues, 
these materials become non-Newtonian in nature (Dzuy and Boger, 1983, Coussot and 
Boyer, 1995, Gawu and Fourie, 2004, Slatter et al., 2010). As a result the flow behaviour 
prediction of such material presents muc more challenge in comparison to that for 
Newtonian fluids (Gawu and Fourie, 2004, Slatter, 2015).   
This thesis presents an analytical and experimental investigation of the flow of thickened 
tailings material through open channels. Open channel transportation of the thickened 
tailings, as frequently encountered in mining, is a feasible option provided that sufficient 
gravity is available for this flow. However, in recent years, due to increase in thickened 
tailings solids concentration driven by water shortage, environmental and economic issues, 
these materials become non-Newtonian in nature (Dzuy and Boger, 1983, Coussot and 
Boyer, 1995, Gawu and Fourie, 2004, Slatter et al., 2010). As a result, the flow behaviour 
prediction of such material presents much more challenges in comparison to that for 
Newtonian fluids.   
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6.2 Conclusions and Contributions 
 Four new analytical models are presented in this thesis. The models appear to be as 
follow: 
1. Laminar Flow Model 
2. Laminar/Turbulent Transitional Locy Determination Model 
3. Transitional Flow Model 
4. Turbulent Flow Model 
 
 In the laminar regime, an alternative model of Reynolds number for thickened 
tailings slurry of yield pseudo-plastic type in open channel flow has been developed. 
The new proposed Reynolds number is defined in a way that a more accurate 
estimation of the true shear rate at the flow boundary is utilized. Thus, the new 
model is expected to more accurately predict the wall shear stress.  
 A new model is also developed and presented to determine the onset of the 
transition from the laminar to the transitional flow regimes. The model is derived 
based on the assumption that at the limit of the transitional flow, the laminar shear 
velocity (𝑈𝐿
∗) approaches the turbulent regime shear velocity (𝑈𝑇
∗). However, the 
transitions from the transitional to the turbulent flow has not be studied in this 
thesis. 
 For transitional and turbulent flows, two new analytical models have been 
developed. Unlike the existing non-Newtonian open channel flow models which have 
been empirically developed from the pipe flow fundamentals, the new models have 
been analytically derived using the open channel velocity profile measured by Laser 
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Doppler Anemometer (LDA) for a Newtonian fluid. It is believed that, in addition to 
the viscous sublayer existing in both pipe flow and open channel flows, two 
distinctive flow regions (1) inner (log law) and (2) outer were observed in an open 
channel flow , while on the other hand in the pipe flow only the inner region with 
logarithmic velocity profile is formed. 
 Furthermore, the new transitional and turbulent models are modified such that the 
effects of the anisotropic turbulence involving Prandtl’s second type of secondary 
flow and the non-Newtonian behaviour of material are taken into the account.  
 In the transitional regime, the velocity profile is affected by the plug flow. In this flow 
range, the plug flow forms in the outer region away from the flow boundary, whilst 
in the fully turbulent range, the plug region disappeares with chaotic eddies and 
vortices extending over the mid cross-section of the flow area. Therefore, the 
velocity profile in this region is much blunter than that which can be observed in the 
turbulent regime.  
 The proposed new models have been validated using the experimental data. For this 
purpose, the new compiled experimental data for this thesis and two independent 
data sets (Haldenwang-Slatter (2003) and Burger et al. (2010) data sets)  were 
utilized.  In addition to the model's validation, the new models’ prediction has been 
compared with that of the open channel models published in the literature (i.e. 
Haldenwang-Slatter 2010 and Burger et al. (2015).  
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 It is found that the new models, except the transitional loci determination model, 
provide a considerably better prediction over the current models. Most significantly, 
the new models give better flow behaviour prediction when compared to that of 
Haldenwang-Slatter (2010) model - even for the dataset from which the 
Haldenwang-Slatter model was developed. The same was observed for the Burger et 
al. (2015) model using the Burger et al. (2014) dataset. The quantitative comparisons 
of the proposed models with the current models were achieved using the combined 
error occurred in the channel slope. 
6.3 Recommendations 
The following recommendations are made, not only on the basis of what has been achieved 
in this research work, but also in terms of what could add further benefit in related fields: 
 Given the close agreement of the new models’ prediction with the experimental 
data and the analytical basis of the new proposed models, the new flow models can 
be used to desing open channels flow of non-Newtonian thickened tailings in 
laminar, transitional and turbulent regimes. 
 The new laminar flow model can be used provided an accurate rheological data is 
available. To obtain the rheological parameters and in particular n∗, it is preferred to 
set up a lab-scale flume from which n∗ can be determined graphically or by 
numerical differentiation. 
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 A further analytical investigation for the transitional locus determination is definitely 
required. With the complexity involved, one would need to model it with a 
numerical analysis. 
 It is highly recommended to measure the non-Newtonian velocity profile using the 
previously proved method for thickened tailings (i.e. Ultrasound Velocity Profiling 
(UVP)) in the transitional and turbulent regime. This would validate the current 
assumption of using a velocity profile which is derived from a Newtonian fluid flow 
and take the current understanding to the next level so that a more accurate flow 
model might be expected. 
 More research with the roughened boundary channel would be of value. The 
majority of the models including the new models presented in this work have been 
developed for a smooth boundary. Based on the fact that the self-formed open 
channel often encountered in tailings disposal facility runs in the transitional range, 
one would further evaluate the new transitional model for the beach slope 
prediction, while using the recorded field data. 
 Further study utilizing Computational Fluid Dynamic to numerically investigate the 
non-Newtonian fluid is recommended.  
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Figure A. 1. Kaolin Suspension 7.5% (w/w) Rheological Data  
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Figure A. 2. Kaolin Suspension 10% (w/w) Rheological Data 
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Figure A. 3. Kaolin Suspension 12.5% (w/w) Rheological Data 
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Figure A. 4. Kaolin and Copper Tailings Mixture Suspension 10% (w/w) Rheological Data  
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Figure A. 5 Kaolin and Zinc Tailings Mixture Suspension 10% (w/w) Rheological Data  
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Figure A. 6 Kaolin Suspension 10% (v/v) Rheological Data (Haldenwang, 2003) 
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Figure A. 7 Kaolin Suspension 7.1% (v/v) Rheological Data (Haldenwang, 2003) 
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Figure A. 8 Kaolin Suspension 5.4 % (v/v) Rheological Data (Haldenwang, 2003) 
 
 
 Appendix B: Flume Loop Experimental Measurments 
  
APPENDIX B 178 
 
 
               
 
 
 
  RMIT University 
      
Pipe/Flume Loop Lab 
Flume Records Log Sheet      School of Civil, Environmental and Chemical Engineering 
                                           
                  
                  Date 04.12.2014 
                
                  By SJ 
                
     
Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
4.00% 0.252 22.86 57.48 57.22 57.33   3.00% 0.271 24.02 55.21 55.22 56.01 
Semi-Circular     
 
4.00% 0.351 22.86 57.4 57.17 57.31   3.00% 0.515 23.98 55.02 55.06 54.96 
  
  
  
 
4.00% 0.568 22.88 56.9 56.79 57.05   3.00% 0.819 23.9 54.19 54.38 54.85 
  
  
  
 
4.00% 0.845 22.92 56.2 56.17 56.48   3.00% 1.099 … 54.2 54.2 54.48 
Material 
Type 
Water     
 
4.00% 1.111 22.95 55.9 55.81 56.26   3.00% 1.404 23.78 54.02 54.06 54.01 
Kaolin     
 
4.00% 1.347 22.99 55.37 55.75 55.92   3.00% 2.013 23.71 53.34 53.03 53.48 
Tailings     
 
4.00% 1.609 22.99 55.34 55.58 55.51   3.00% 2.383 23.67 53.02 52.68 53.21 
  
  
  
 
4.00% 1.924 23.06 54.8 54.84 55.20   3.00% 2.663 23.67 52.62 52.57 53.02 
  
  
  
 
4.00% 2.202 23.11 54.42 54.3 54.81   3.00% 2.969 … 52.01 52.23 52.32 
Property & 
Rheology 
Solid W 
Content % 7.5 
 
4.00% 2.823 23.17 53.89 53.86 53.90   3.00% 3.247 23.67 51.45 51.62 51.9 
    
 
4.00% 3.113 23.22 53.26 53.55 53.51   3.00% 3.549 23.67 51.05 51.16 51.32 
Slurry S.G [] 1044  
 
4.00% 3.411 23.26 52.78 53.11 53.03   3.00% 3.809 … 50.22 50.76 50.96 
Particle S.G []   
 
4.00% 3.719 23.30 52.59 52.6 52.40   3.00% 4.134 23.7 50.06 49.9 50.66 
      
 
4.00% 3.998 … 51.94 51.94 52.28   3.00% 4.45 23.74 49.47 49.79 50.05 
Ty pa 1.38 
 
4.00% 4.335 23.45 51.34 51.38 51.97   3.00% 4.834 23.88 49.13 49.21 49.51 
K 
Pa.s 
^n 0.118 
 
4.00% 4.531 23.54 51.24 51.29 51.42   3.00% 5.078 23.91 48.37 48.87 49.36 
n [] 0.503 
 
4.00% 4.805 23.65 50.68 50.67 51.25   3.00% 5.416 23.96 48.08 48.33 48.67 
      
 
4.00% 5.113 23.77 50.64 50.33 50.80   3.00% 5.699 23.98 47.37 47.83 48.38 
      
 
4.00% 5.422 … 50.26 50.07 50.27   3.00% 6.015 … 47.7 46.99 47.71 
     
4.00% 5.71 24.21 49.06 49.73 49.76               
   
  
4.00% 6.02 24.40 48.78 49.01 49.30               
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                  Date 03.12.2014 
                
                  By SJ 
                
     
Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
6.00% 0.469 21.95 58.17 58.57 58.64   5.00% 0.49 23.28 57.88 57.99 57.81 
Semi-Circular     
 
6.00% 0.669 21.93 57.75 58.16 58.24   5.00% 0.9 23.27 57.2 57.17 57.4 
  
  
  
 
6.00% 0.982 … 57.51 57.78 57.68   5.00% 1.312 23.26 56.48 56.5 56.64 
  
  
  
 
6.00% 1.277 21.94 57.27 57.39 57.45   5.00% 1.623 23.26 56.19 56.12 56.3 
Material 
Type 
Water     
 
6.00% 1.652 21.95 56.7 56.83 56.81   5.00% 1.935 23.26 55.94 55.94 55.93 
Kaolin     
 
6.00% 1.925 … 56.21 56.34 56.73   5.00% 2.251 23.26 55.79 55.56 55.44 
Tailings     
 
6.00% 2.198 21.98 55.79 56.04 56.32   5.00% 2.523 23.17 55.1 55.17 55 
  
  
  
 
6.00% 2.501 21.99 55.46 55.7 56.07   5.00% 2.853 23.27 54.6 54.55 54.74 
  
  
  
 
6.00% 2.844 22.02 55.12 55.18 55.55   5.00% 3.13 23.3 54.16 54.24 54.35 
Property & 
Rheology 
Solid W 
Content % 7.5 
 
6.00% 3.089 22.05 54.7 54.92 55.26   5.00% 3.442 23.34 53.74 53.84 54.12 
  
  
 
6.00% 3.396 22.08 54.43 54.44 55.04   5.00% 3.749 23.37 53.34 53.24 53.58 
Slurry S.G [] 1046 
 
6.00% 3.607 … 54.34 54.35 54.62   5.00% 4.067 23.41 52.96 53.05 53.08 
Particle S.G []   
 
6.00% 3.932 22.20 53.16 53.88 54.32   5.00% 4.644 23.54 52.25 52.26 52.35 
      
 
6.00% 4.213 22.25 53.2 53.6 53.88   5.00% 4.923 23.6 51.49 51.85 52.23 
Ty pa 1.38 
 
6.00% 4.538 22.42 53.2 53.55 53.78   5.00% 5.326 23.82 51.26 51.21 51.81 
K 
Pa.s 
^n 0.118 
 
6.00% 4.748 22.57 … 53.06 53.47   5.00% 5.635 24.02 50.8 50.81 51.46 
n [] 0.503 
 
6.00% 5.104 … 52.55 52.52 53.00   5.00% 5.949 24.18 50.07 50.48 50.6 
      
 
6.00% 5.294 22.80 51.86 52.14 52.46   5.00% 6.159 24.25 49.78 50.11 50.42 
      
 
6.00% 5.639 22.97 51.4 51.66 52.14               
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Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
8.00% 0.402 19.45 59.44 59.62 59.63   7.00% 0.567 20.8 58.63 58.51 58.55 
Semi-Circular     
 
8.00% 0.653 19.48 58.84 59.14 59.32   7.00% 0.794 20.88 57.99 58.18 58.22 
  
  
  
 
8.00% 0.903 19.51 58.41 58.59 58.89   7.00% 1.083 20.88 57.77 57.79 57.87 
  
  
  
 
8.00% 1.175 19.53 58.05 58.59 58.75   7.00% 1.259 20.86 57.6 57.55 57.82 
Material 
Type 
Water     
 
8.00% 1.597 … 57.71 58 58.13   7.00% 1.686 20.87 56.85 57.05 57.21 
Kaolin     
 
8.00% 1.852 19.55 57.33 57.87 57.76   7.00% 2.026 20.85 56.39 56.82 57 
Tailings     
 
8.00% 2.11 19.58 57.03 57.43 57.51   7.00% 2.289 20.84 56.35 56.41 56.67 
  
  
  
 
8.00% 2.4 19.59 56.64 57.21 57.21   7.00% 2.559 20.85 55.88 56.05 56.36 
  
  
  
 
8.00% 2.696 19.64 56.2 56.85 56.87   7.00% 2.834 20.85 55.42 55.9 56.2 
Property & 
Rheology 
Solid W 
Content % 7.5 
 
8.00% 2.999 19.64 56.01 56.55 56.31   7.00% 3.108 20.86 55.07 55.74 …. 
  
  
 
8.00% 3.26 19.67 55.68 56.03     7.00% 3.422 20.87 54.65 55.42 55.61 
Slurry S.G []  1044  
 
8.00% 3.542 19.71 55.22 55.73 55.95   7.00% 3.707 20.94 54.54 55.12 55.01 
Particle S.G []   
 
8.00% 3.819 19.78 54.78 55.37 55.65   7.00% 3.978 20.94 54.34 54.9 54.7 
      
 
8.00% 4.081 19.90 54.53 55.09 55.35   7.00% 4.244 20.99 54.21 54.6 54.64 
Ty pa 1.38 
 
8.00% 4.361 19.98 54.2 54.73 54.98   7.00% 4.53 21.04 53.6 54.35 54.26 
K 
Pa.s 
^n 0.118 
 
8.00% 4.617 20.07 53.85 54.4 54.79   7.00% 4.838 21.15 52.92 54.26 54.02 
n [] 0.503 
 
8.00% 4.871 20.21 53.35 54.2 54.80   7.00% 5.111 21.17 52.26 53.71 53.71 
      
 
8.00% 5.205 20.40 52.97 54.08 ….   7.00% 5.404 21.36 52.01 52.91 52.95 
      
 
8.00% 5.525 20.52 52.66 53.46 ….   7.00% 5.947 21.37 51.95 52.36 52.38 
   
  
8.00% 5.748 20.63 52.45 53.41 …               
   
  
8.00% 5.974 20.75 51.99 53.03 …               
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Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
4.00% 0.344 21.15 54 54.22 54.06   3.00% 0.31 20.99 51.61 51.83 51.78 
Semi-Circular     
 
4.00% 0.666 21.12 53.16 53.31 53.54   3.00% 0.614 21.08 51.41 51.27 51.06 
  
  
  
 
4.00% 0.927 21.08 52.9 52.8 53.22   3.00% 0.878 … 50.33 50.83 50.74 
  
  
  
 
4.00% 1.244 21.07 52.59 52.65 52.65   3.00% 1.38 … 49.76 49.63 50.08 
Material 
Type 
Water     
 
4.00% 1.533 20.97 52.36 52.18 52.17   3.00% 1.954 21.26 48.83 49.23 49.28 
Kaolin     
 
4.00% 1.814 20.97 52.11 51.93 51.92   3.00% 2.249 … 48.59 48.6 48.99 
Tailings     
 
4.00% 2.131 20.97 51.61 51.61 51.81   3.00% 2.533 21.3 48.24 48.41 48.65 
  
  
  
 
4.00% 2.334 20.93 51.68 51.38 51.40   3.00% 2.858 21.31 48.23 47.9 48.41 
  
  
  
 
4.00% 2.619 20.91 51.26 51.12 51.29   3.00% 3.142 21.32 47.6 47.76 48.09 
Property & 
Rheology 
Solid W 
Content % 10 
 
4.00% 2.943 20.88 51.2 50.72 50.87   3.00% 3.455 21.37 47.6 47.47 47.69 
    
 
4.00% 3.22 20.86 50.48 50.48 50.65   3.00% 3.753 21.48 46.92 46.94 47.33 
Slurry S.G []  1065 
 
4.00% 3.54 20.81 50.34 50.09 50.21   3.00% 4.056 21.45 46.76 46.88 46.88 
Particle S.G []   
 
4.00% 3.88 20.80 49.9 49.69 49.95   3.00% 4.37 21.5 46.35 46.43 46.72 
      
 
4.00% 4.231 20.78 49.27 49.26 49.35   3.00% 4.654 21.54 46.08 46.09 46.03 
Ty pa 2.457 
 
4.00% 4.518 20.78 48.91 48.75 49.08   3.00% 4.96 21.6 45.35 45.88 45.89 
K 
Pa.s 
^n 0.165 
 
4.00% 4.819 20.78 48.33 48.52 48.75   3.00% 5.228 21.71 45.04 45.14 45.25 
n [] 0.484 
 
4.00% 5.101 20.80 48.23 48.24 48.32   3.00% 5.502 21.82 44.65 44.88 45.09 
      
 
4.00% 5.451 20.84 47.59 47.91 47.89   3.00% 5.848 21.9 44.22 44.13 44.33 
      
 
4.00% 5.721 20.87 47.03 48 47.81   3.00% 6.142 …. 44.08 43.97 44.03 
Slurry S.G 1065 
   
4.00% 6.058 20.96 47.13 46.95 47.19   3.00% 6.421 22.36 43.53 43.36 43.51 
     
4.00% 6.307 21.01 46.25 46.8 46.91   3.00% 6.724 22.42 42.71 43.36 43.18 
S.G by In. 1072 
  
              3.00% 7.063 22.51 42.71 43.32 43.25 
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Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
6.00% 0.287 20.36 56.31 56.59 56.71   5.00% 0.416 20.9 55.02 55.22 55.2 
Semi-Circular     
 
6.00% 0.422 20.43 55.98 56.09 56.21   5.00% 0.716 20.89 54.86 54.87 54.83 
  
  
  
 
6.00% 0.81 20.43 55.73 55.66 55.75   5.00% 1.013 20.89 54.14 54.42 54.54 
  
  
  
 
6.00% 1.073 20.45 55.36 55.34 55.48   5.00% 1.306 20.89 53.95 54.23 54.04 
Material 
Type 
Water     
 
6.00% 1.387 20.5 54.86 54.86 55.07   5.00% 1.606 20.89 53.49 53.58 53.85 
Kaolin     
 
6.00% 1.674 20.5 54.66 54.61 54.65   5.00% 1.971 20.86 53.57 53.39 53.2 
Tailings     
 
6.00% 1.93 20.51 54.19 54.3 54.53   5.00% 2.25 20.86 52.92 52.79 52.93 
  
  
  
 
6.00% 2.217 20.51 54.16 54.22 54.22   5.00% 2.531 20.85 52.65 52.69 52.57 
  
  
  
 
6.00% 2.504 20.54 53.75 53.72 53.84   5.00% 2.82 20.84 52.35 52.24 52.55 
Property & 
Rheology 
Solid W 
Content % 10 
 
6.00% 2.827 20.58 53.25 53.2 53.62   5.00% 3.101 26.82 52.05 52.16 52.2 
 
 
  
 
6.00% 3.115 20.60 53.1 53.14 53.31   5.00% 3.45 20.84 51.75 51.6 51.72 
Slurry S.G [] 1070  
 
6.00% 3.424 20.62 52.64 52.92 53.06   5.00% 3.744 20.84 51.23 51.33 51.39 
Particle S.G []   
 
6.00% 3.697 20.65 52.54 52.61 52.55   5.00% 4.023 20.86 50.9 51.15 51.15 
      
 
6.00% 4.022 20.67 51.96 52.16 52.42   5.00% 4.436 20.75 50.49 50.78 50.6 
Ty pa 2.457 
 
6.00% 4.311 20.75 51.82 51.81 52.09   5.00% 4.626 20.76 50.25 50.35 50.4 
K 
Pa.s 
^n 0.165 
 
6.00% 4.598 20.80 51.31 51.46 51.65   5.00% 4.907 20.79 50.04 50.04 49.96 
n [] 0.484 
 
6.00% 4.902 20.89 51.26 50.94 51.18   5.00% 5.213 21.82 49.41 49.65 49.68 
      
 
6.00% 5.227 20.99 50.54 50.65 50.97   5.00% 5.526 20.89 48.85 49.31 49.33 
      
 
6.00% 5.529 21.06 50.15 50.31 50.76   5.00% 5.794 20.97 48.85 48.7 49.04 
    
 
6.00% 5.81 21.17 50.1 49.93 50.48   5.00% 6.095 21.04 48.32 48.47 48.69 
    
 
6.00% 6.067 21.37 49.45 49.87 50.12   5.00% 6.333 21.08 47.9 48.18 48.59 
   
 
6.00% 6.344 21.43 49.12 49.4 49.85   5.00% 6.628 21.23 47.47 47.79 47.89 
    
 
6.00% 6.764 21.57 48.66 49.07 49.19   5.00% 7.018 21.28 47.3 47.45 47.22 
    
 
6.00% 7.207 21.65 48.13 48.38 48.49   5.00%           
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Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
8.00% 0.26 20.1 57.98 57.4     7.00% 0.522 21.34 56.4 56.66 56.64 
Semi-Circular     
 
8.00% 0.491 20.18 57.35 57.39 57.68   7.00% 0.768 21.31 56.18 56.54 56.45 
  
  
  
 
8.00% 0.796 20.21 57 57.06 57.40   7.00% 0.992 21.27 55.85 56.15 56.02 
  
  
  
 
8.00% 1.126 20.23 56.82 56.97 56.85   7.00% 1.268 21.22 55.72 55.68 55.67 
Material 
Type 
Water     
 
8.00% 1.426 20.25 56.3 56.38 56.59   7.00% 1.506 21.21 55.55 55.88 55.61 
Kaolin     
 
8.00% 1.733 20.27 55.9 56.18 56.30   7.00% 1.762 21.13 55.24 55.36 55.25 
Tailings     
 
8.00% 2.052 20.29 55.63 55.79 55.91   7.00% 2.141 21.08 54.9 54.88 54.85 
  
  
  
 
8.00% 2.304 20.29 55.51 55.64 55.87   7.00% 2.368 21.05 54.55 54.52 54.62 
  
  
  
 
8.00% 2.634 20.30 55.06 55.3 55.58   7.00% 2.71 21.02 54.26 54.22 54.35 
Property & 
Rheology 
Solid W 
Content % 10 
 
8.00% 2.939 20.31 54.64 54.91 54.99   7.00% 3.019 21.01 53.82 53.89 54.14 
 
 
  
 
8.00% 3.231 20.35 54.27 54.43 54.82   7.00% 3.322 21 53.67 53.6 53.62 
Slurry S.G [] 1070  
 
8.00% 3.528 20.42 54.22 54.15 54.39   7.00% 3.626 21.02 52.97 53.39 53.42 
Particle S.G []   
 
8.00% 3.855 20.51 53.69 53.79 54.06   7.00% 3.877 21.03 52.85 52.95 53.17 
      
 
8.00% 4.116 20.54 53.9 53.58 53.38   7.00% 4.156 21.06 52.62 52.83 52.83 
Ty pa 2.457 
 
8.00% 4.42 20.61 53.18 53.33 53.57   7.00% 4.456 21.08 52.36 52.57 52.38 
K 
Pa.s 
^n 0.165 
 
8.00% 4.724 20.67 52.7 53.01 53.15   7.00% 4.765 21.11 51.75 52.03 52.46 
n [] 0.484 
 
8.00% 4.998 20.79 52.53 52.54 52.66   7.00% 5.079 21.17 51.63 51.72 52.14 
      
 
8.00% 5.305 20.97 51.95 52.3 52.50   7.00% 5.371 21.4 51.28 51.53 51.63 
      
 
8.00% 5.605 21.04 51.47 51.87 51.86   7.00% 5.644 21.45 51.03 51.25 51.33 
    
 
8.00% 5.918 21.30 51.28 51.52 51.86   7.00% 5.916 21.54 50.36 51.08 51.25 
    
 
8.00% 6.224 21.37 50.89 51.2 51.70   7.00% 6.215 21.63 50.12 50.88 50.82 
   
 
              7.00% 6.451 21.77 49.97 50.44 50.54 
    
 
              7.00% 6.699 21.84 49.67 50.37 50.28 
    
 
              7.00% 7.008 21.96 49.2 49.45 49.86 
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  RMIT University 
      
Pipe/Flume Loop Lab 
Flume Records Log Sheet      School of Civil, Environmental and Chemical Engineering 
                                           
                  
                  Date 11.12.2014 
                
                  By SJ 
                
     
Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
4% 0.374 18.58 46.12 45.92 45.8   3% 0.405 21.92 40.05 40.2 39.94 
Semi-Circular     
 
4% 0.619 78.60 45.37 45.53 45.13   3% 0.622 21.97 39.13 39.33 39.51 
  
  
  
 
4% 0.949 18.65 44.44 44.29 44.01   3% 1.006 22.03 38.1 37.76 37.89 
  
  
  
 
4% 1.211 18.70 43.7 43.96 43.85   3% 1.262 22.05 36.89 37.28 37.01 
Material 
Type 
Water     
 
4% 1.573 18.72 42.94 43.77 43.81   3% 1.675 21.09 37.69 38.21 38.29 
Kaolin     
 
4% 1.922 18.76 42.6 43.16 43.44   3% 2.081 21.09 36.69 37.63 37.58 
Tailings     
 
4% 2.251 18.79 42.31 42.6 42.95   3% 2.401 21.08 36.35 37.35 37.03 
  
  
  
 
4% 2.595 18.89 41.68 42.33 42.9   3% 2.739 21.09 35.65 36.52 36.35 
  
  
  
 
4% 2.954 18.92 41.44 41.95 42.47   3% 3.095 21.18 35.08 35.96 36.07 
Property & 
Rheology 
Solid W 
Content % 12.5 
 
4% 3.295 18.96 41.36 41.65 42.11   3% 3.453 21.19 34.89 35.65 35.75 
 
 
  
 
4% 4.058 19.10 40.1 41.3 41.82   3% 3.835 21.26 34.49 35.14 35.31 
Slurry S.G [] 1077  
 
4% 4.391 19.20 40.61 41.02 41.53   3% 4.199 21.34 34.16 34.93 35.05 
Particle S.G []   
 
4% 4.752 19.32 40.28 41.05 41.22   3% 4.561 21.41 34.02 34.59 34.5 
      
 
4% 5.127 19.40 40.12 40.48 41.02   3% 4.9 21.47 33.51 34.39 34.89 
Ty pa 2.457 
 
4% 5.439 19.55 40.14 40.34 40.72   3% 5.255 21.63 33.78 34.28 34.55 
K 
Pa.s 
^n 0.165 
 
4% 5.781 19.81 39.72 40 40.87   3% 5.581 21.73 33.17 34 34.25 
n [] 0.484 
 
4% 6.071 26.00 39.48 39.92 40.21   3% 5.907 21.85 33.53 34.1 34.3 
      
 
4% 6.486 20.19 39.02 39.85 40.16   3% 6.165 22.01 33.24 33.89 34.2 
      
 
4% 6.828 20.46 39.28 39.51 39.96   3% 6.505 22.29 33.21 33.65 34.21 
  
   
4% 7.144 20.68 38.7 39.24 39.77   3% 6.755 22.43 32.99 33.24 33.87 
     
              3% 6.412 22.6 32.76 33.85 34.01 
  
  
              3% 7.248 23.02 33.06 33.18 34.05 
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  RMIT University 
      
Pipe/Flume Loop Lab 
Flume Records Log Sheet      School of Civil, Environmental and Chemical Engineering 
                                           
                  
                  Date 11.12.2014 
                
                  By SJ 
                
     
Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
6% 0.400 21.71 50.96 51.29 51.12   5% 0.364 21.83 49.6 49.76 47.74 
Semi-Circular     
 
6% 0.749 21.72 50.52 50.49 50.75   5% 0.74 21.87 48.63 48.58 48.59 
  
  
  
 
6% 1.036 21.73 49.78 50.03 50.06   5% 1.163 21.9 47.82 48.02 48.36 
  
  
  
 
6% 1.244 21.76 49.46 49.87 49.84   5% 1.471 21.94 47.36 47.78 47.75 
Material 
Type 
Water     
 
6% 1.462 21.78 49.09 49.7 49.77   5% 1.6 22.5 46.71 47.02 47.18 
Kaolin     
 
6% 1.749 21.79 49.06 49.5 49.6   5% 1.935 22.45 46.17 46.62 46.83 
Tailings     
 
6% 2.106 21.82 49.02 49.2 49.3   5% 2.254 22.37 45.9 46.2 46.65 
  
  
  
 
6% 2.445 21.85 48.5 49 49.15   5% 2.834 22.32 45.26 45.58 45.9 
  
  
  
 
6% 2.716 21.86 48.28 48.71 49.09   5% 3.194 22.31 45.17 45.12 45.66 
Property & 
Rheology 
Solid W 
Content % 12.5 
 
6% 3.033 21.89 48.03 48.53 48.86   5% 3.593 22.32 44.87 44.96 45.28 
   
 
6% 3.357 21.92 47.69 48.25 48.48   5% 3.937 22.35 44.82 44.76 44.92 
Slurry S.G [] 1077  
 
6% 3.624 21.93 47.76 47.94 48.18   5% 4.331 22.35 44.38 44.64 44.89 
Particle S.G []   
 
6% 3.868 22.00 47.69 47.72 47.86   5% 4.651 22.39 44.07 44.32 44.45 
      
 
6% 4.174 22.05 46.86 47.24 47.78   5% 4.914 22.43 43.8 43.99 44.05 
Ty pa 4.157 
 
6% 4.450 22.10 46.13 46.99 47.41   5% 5.298 22.47 43.7 43.91 43.86 
K 
Pa.s 
^n 0.62 
 
6% 4.672 22.16 46.35 46.64 47.02   5% 5.568 22.49 43.24 43.18 43.68 
n [] 0.348 
 
6% 4.949 22.22 46.21 46.46 46.66   5% 5.896 22.56 43.02 43.08 43.21 
      
 
6% 5.277 22.27 45.39 46.14 46.3   5% 6.25 22.67 42.67 43.65 43.06 
      
 
6% 5.605 22.40 45.63 45.8 45.91   5% 6.625 22.78 42.09 42.38 42.54 
     
6% 5.947 22.53 44.62 45.34 45.83   5% 6.95 23.03 42.03 42.14 42.13 
  
   
6% 6.256 22.63 44.51 45.2 45.2   5% 7.67 23.23 41.26 42.68 42.06 
 
   
6% 6.506 22.85 44.23 44.81 44.94   5%           
      
 
6% 6.803 23.00 43.82 44.37 44.75   5%           
        
 
6% 7.127 23.19 43.19 43.83 44.3   5%           
        
 
6% 7.476 23.40 43.33 43.44 43.9   5%           
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  RMIT University 
      
Pipe/Flume Loop Lab 
Flume Records Log Sheet      School of Civil, Environmental and Chemical Engineering 
                                           
                  
                  Date 10.12.2014 
                
                  By SJ 
                
     
Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
8% 0.602 23.1 52.85 52.33 53.68               
Semi-Circular     
 
8% 0.975 23.06 52.23 52.87 52.83               
  
  
  
 
8% 1.278 23.04 52.13 52.16 52.91               
  
  
  
 
8% 1.56 23.04 51.83 52.17 52.42               
Material 
Type 
Water     
 
8% 1.775 23.01 51.91 52.13 52.27               
Kaolin     
 
8% 2.067 22.97 51.54 52.09 52.04               
Tailings     
 
8% 2.311 22.96 51.25 51.63 51.85               
  
  
  
 
8% 2.605 22.92 50.89 51.35 51.47               
  
  
  
 
8% 3.201 22.89 50.7 51.06 51.13               
Property & 
Rheology 
Solid W 
Content % 12.5 
 
8% 3.507 … 50.65 50.85 50.95               
   
 
8% 3.816 22.87 50.41 50.52 50.67               
Slurry S.G [] 1085  
 
8% 4.104 22.85 50.08 50.46 50.40               
Particle S.G []   
 
8% 4.405 22.85 49.77 50.1 50.07               
      
 
8% 4.699 22.86 49.5 49.89 49.82               
Ty pa 4.078 
 
8% 5.032 22.88 48.96 49.51 49.58               
K 
Pa.s 
^n 0.711 
 
8% 5.31 22.88 48.79 49.34 49.38               
n [] 0.332 
 
8% 5.72 22.96 48.4 48.63 49.00               
      
 
8% 5.988 22.96 48.3 48.53 48.90               
      
 
8% 6.323 23.05 47.97 48.4 48.41               
    
 
8% 6.632 23.15 47.66 47.92 48.15               
    
 
8% 6.946 23.30 47.05 47.65 48.00               
   
 
8% 7.250   47.02 47.56 47.42               
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Pipe/Flume Loop Lab 
Flume Records Log Sheet      School of Civil, Environmental and Chemical Engineering 
                                           
                  
                  Date 23.01.2015 
                
                  By SJ 
                
     
Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
6.00% 0.511 24.57 56.2 56.01 56.25   5.00% 0.447 … 55.43 55.11 55.19 
Semi-Circular     
 
6.00% 0.748 24.6 56.18 55.98 55.82   5.00% 0.75 … 54.48 54.65 54.69 
  
  
  
 
6.00% 1.001 24.67 56.22 55.98 55.82   5.00% 1.051 … 54.33 54.72 54.41 
  
  
  
 
6.00% 1.427 24.74 56.09 55.69 55.80   5.00% 1.293 … 54.04 54.51 54.17 
Material 
Type 
Water     
 
6.00% 1.712 24.74 55.57 55.63 55.49   5.00% 1.532 24.88 53.84 54.06 54.09 
Kaolin     
 
6.00% 2.004 24.8 55.39 55.11 55.95   5.00% 1.892 24.85 53.62 53.52 53.8 
Tailings     
 
6.00% 2.288 24.82 54.97 55.03 55.07   5.00% 2.259 24.8 53.36 53.4 53.54 
  
  
  
 
6.00% 2.503 24.82 55.02 54.8 54.90   5.00% 2.641 24.77 53 53.15 53.29 
  
  
  
 
6.00% 2.761 24.84 54.67 54.69 54.70   5.00% 2.988 … 52.66 52.67 53.12 
Property & 
Rheology 
Solid W 
Content % 10  
 
6.00% 3.068 24.88 54.57 54.45 54.60   5.00% 3.356 24.74 52.75 52.49 52.94 
    
 
6.00% 3.349 24.93 54.47 54.12 54.25   5.00% 3.619 24.75 52.45 52.54 52.7 
Slurry S.G []  1021 
 
6.00% 3.652 24.99 54.01 53.94 54.29   5.00% 3.978 24.77 51.98 52.2 52.45 
Particle S.G []   
 
6.00% 4.015 … 53.83 54 54.02   5.00% 4.256 24.81 51.75 52.03 52.37 
      
 
6.00% 4.34 25.20 53.42 53.8 53.53   5.00% 4.503 24.86 51.9 51.6 52.16 
Ty pa 1.17 
 
6.00% 4.629 25.59 53.26 53.14 53.14   5.00% 4.776 51.73 51.23 51.57 51.71 
K 
Pa.s 
^n 0.295 
 
6.00% 4.928 25.59 52.47 52.81 53.01   5.00% 5.1 … 51.05 … 51.14 
n [] 0.397 
 
6.00% 5.259 25.63 51.9 52.5 52.05   5.00% 5.675 25.24 50.24 50.3 50.56 
      
 
6.00% 5.523 25.89 51.8 52.17 51.82   5.00% 6.122 … 49.89 49.97 49.92 
      
 
6.00% 5.889 25.96 51.11 51.62 51.87   5.00% 6.349 … 49.82 49.68 49.79 
   
  
6.00% 6.475 … 50.72 50.71 51.26   5.00% 6.786 … 49.34 … 46.79 
   
  
6.00% 6.961 26.32 50.06 50.12 50.67               
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  RMIT University 
      
Pipe/Flume Loop Lab 
Flume Records Log Sheet      Chemical Engineering Decipline, School of Engineering 
                                           
                  
                  Date 22.01.2015 
                
                  By SJ 
                
     
Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
8.00% 0.294 24.53 57.04 57.04 56.88   7.00% 0.341 … 56.12 56.57 56.57 
Semi-Circular     
 
8.00% 0.564 24.7 56.75 56.94 57.17   7.00% 0.583 … 56.67 56.69 56.91 
  
  
  
 
8.00% 0.857 24.83 56.81 56.75 56.77   7.00% 0.863 26.71 56.58 56.53 56.78 
  
  
  
 
8.00% 1.179 24.89 56.56 56.55 56.42   7.00% 1.1 26.64 56.2 56.27 56.39 
Material 
Type 
Water     
 
8.00% 1.538 25.08 56.21 56.16 56.20   7.00% 1.386 26.62 56.32 56.04 56.15 
Kaolin     
 
8.00% 1.853 25.17 55.94 55.91 55.95   7.00% 1.769 26.62 55.94 55.76 55.84 
Tailings   
  
8.00% 2.6 25.28 55.23 55.63 55.47   7.00% 2.135 26.55 55.44 55.43 55.52 
  
  
  
 
8.00% 2.914 25.41 55.14 55.39 55.59   7.00% 2.476 26.48 55.2 55.29 55.35 
  
  
  
 
8.00% 3.33 … 54.97 54.67 55.19   7.00% 2.882 26.41 54.9 55.02 55.05 
Property & 
Rheology 
Solid W 
Content % 10 
 
8.00% 3.742 … 54.25 54.32 54.46   7.00% 3.142 26.37 54.5 54.9 55.06 
    
 
8.00% 4.045 26.16 54.45 54.29 54.27   7.00% 3.484 26.37 54.4 54.4 54.5 
Slurry S.G []  1029 
 
8.00% 4.254 26.16 54.15 53.99 53.71   7.00% 3.918 26.42 54.15 54.32 54.01 
Particle S.G []   
 
8.00% 4.668 26.17 53.29 54.11 54.11   7.00% 4.207 26.45 53.24 54.02 53.46 
      
 
8.00% 5.446 26.69   52.33 52.76   7.00% 4.501 26.57 53.49 53.25 53.59 
Ty pa 1.262 
 
8.00% 5.759 … 51.7 52.74 52.22   7.00% 4.834 26.68 53.08 53.44 52.73 
K 
Pa.s 
^n 0.25 
 
8.00% 6.189 29.94 51.53 51.58 51.27   7.00% 5.146 26.75 52.6 52.78 53.31 
n [] 0.417 
 
              7.00% 5.577 26.99 52.13 51.96 51.79 
      
 
              7.00% 6.013 27.01 51.9 51.44 51.66 
      
 
              7.00% 6.956 … 50.07 50.73 50.24 
    
 
              7.00% 7.106 … 50.08 50.5 50.09 
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  RMIT University 
      
Pipe/Flume Loop Lab 
Flume Records Log Sheet      School of Civil, Environmental and Chemical Engineering 
                                           
                  
                  Date 23.01.2015 
                
                  By SJ 
                
     
Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
5.00% 0.264 21.38 56.55 55.9 54.88   6.00% 0.312 23.51 57.45 57.18 57.08 
Semi-Circular     
 
5.00% 0.457 21.45 55.58 55.4 54.31   6.00% 0.432 23.53 56.41 56.77 56.68 
  
  
  
 
5.00% 0.747 … 54.81 54.2 53.02   6.00% 0.603 23.49 55.95 56.01 56.15 
  
  
  
 
5.00% 0.93 21.56 54.53 53.75 52.79   6.00% 0.822 23.46 55.75 55.87 55.94 
Material 
Type 
Water     
 
5.00% 1.044 21.59 54.12 53.52 52.20   6.00% 0.94 23.45 55.73 55.71 55.78 
Kaolin     
 
5.00% 1.205 20.2 53.78 53.13 52.02   6.00% 1.096 23.43 55.77 55.68 55.67 
Tailings     
 
5.00% 1.413 21.79 53.74 52.95 57.79   6.00% 1.239 … 55.79 55.55 55.56 
  
  
  
 
5.00% 1.654 … 53.35 52.57 51.57   6.00% 1.501 23.43 55.65 55.55 55.56 
  
  
  
 
5.00% 2.031 … 54.46 54.43 54.14   6.00% 1.767 23.44 55.3 55.55 55.56 
Property & 
Rheology 
Solid W 
Content %   
 
5.00% 2.34 21.87 54.25 54.08 53.34   6.00% 2.181 23.41 55.4 55.68 55.56 
Solid V 
Content %   
 
5.00% 2.692 … 53.5 53.84 53.44   6.00% 2.589 23.39 55.29 55.41 55.44 
Slurry S.G [] 1114  
 
5.00% 2.915 … 53.5 53.84 53.44   6.00% 2.988 23.38 55.08 54.88 54.99 
Particle S.G []   
 
5.00% 3.214 … 53.54 53.62 53.76   6.00% 3.351 23.39 54.59 54.63 54.9 
      
 
5.00% 3.474 … 53.64 53.8 54.02   6.00% 3.752 23.41 54.07 54.45 54.44 
Ty pa 1.505 
 
5.00% 3.807 … 53.38 53.85 53.83   6.00% 4.061 23.48 54.03 53.74 54.09 
K 
Pa.s 
^n 0.058 
 
5.00% 4.223 … 53.17 53.60 53.31   6.00% 4.465 23.56 53.26 53.95 53.48 
n [] 0.61 
 
5.00% 4.73 … 53.11 52.81 53.14   6.00% 4.775 23.58 53.29 53 52.8 
      
 
5.00% 4.568 … 53.13 52.97     6.00% 5.05 23.65 52.86 52.9 52 
      
 
5.00% 5.517 … 51.6 51.19 51.60   6.00% 5.465 23.74 52.32 51.67 51.58 
   
  
5.00% 5.79 23.35 51.6 50.46 51.16   6.00% 5.737 29.79 51.9 51.93 51.05 
   
  
5.00% 6.068 23.40 50.81 51.37     6.00% 6.064 … 50.74 51.93 50.05 
  
  
5.00% 6.503 23.67 48.94 50.01     6.00% 6.713 24.12 49.92 50.85 50.07 
     
 
5.00% 6.928 23.87 49.73 49.95     6.00% 7.327 … 48.91 49.16 48.97 
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  RMIT University 
      
Pipe/Flume Loop Lab 
Flume Records Log Sheet      School of Civil, Environmental and Chemical Engineering 
                                           
                  
                  Date 04.02.2015 
                
                  By SJ 
                
     
Flume Records 
Page of 
   
Slope Q T D11 D12 D13   Slope Q T D11 D12 D13 
     
% m3/hr Degree mm       % m3/hr Degree mm     
Flume Shape 
Rectangular     
 
7.00% 0.297 20.1 58.45 57.94 57.95   8.00% 0.405 22.1 58.47 58.28 58.31 
Semi-Circular     
 
7.00% 0.449 20.12 57.62 57.51 57.94   8.00% 0.532 … 58.34 58.17 58.18 
  
  
  
 
7.00% 0.588 20.14 57.63 57.46 57.46   8.00% 0.741 21.9 58.21 58.04 57.96 
  
  
  
 
7.00% 0.778 20.16 57.32 57.24 57.39   8.00% 0.921 21.68 58.01 57.59 57.87 
Material 
Type 
Water     
 
7.00% 1.143 20.17 57.11 57.04 56.90   8.00% 1.115 21.64 57.79 57.65 57.67 
Kaolin     
 
7.00% 1.397 20.2 57.07 56.57 56.83   8.00% 1.434 21.61 57.34 57.3 57.36 
Tailings   
  
7.00% 1.678 20.24 56.74 56.5 56.52   8.00% 1.674 21.57 56.8 57.22 57.15 
  
  
  
 
7.00% 2.104 20.24 56.44 56.33 56.66   8.00% 2.094 21.47 56.57 56.72 56.91 
  
  
  
 
7.00% 2.403 … 56.14 56.35 56.35   8.00% 2.286 21.44 56.43 56.51 56.88 
Property & 
Rheology 
Solid W 
Content % 10 
 
7.00% 2.636 20.31 55.96 56.06 56.27   8.00% 2.421 21.4 56.43 56.46 56.67 
Solid V 
Content %   
 
7.00% 2.967 20.35 55.59 55.86 56.02   8.00% 2.677 21.37 56.18 56.46 56.67 
Slurry S.G [] 1118  
 
7.00% 3.293 20.43 55.43 55.41 55.58   8.00% 2.906 21.35 55.77 56.31 56.46 
Particle S.G []   
 
7.00% 3.604 20.50 55.39 55.35 55.11   8.00% 3.25 21.34 55.48 56.02 56.21 
      
 
7.00% 3.963 20.75 54.67 54.98 55.00   8.00% 3.54 21.33 55.38 55.61 55.94 
Ty pa 1.072 
 
7.00% 4.299 20.83 54.43 54.6 54.82   8.00% 3.937 21.34 54.89 55.16 55.61 
K 
Pa.s 
^n 0.079 
 
7.00% 4.633 20.88 53.93 54.34 54.49   8.00% 4.195 21.37 54.89 55.24 54.74 
n [] 0.558 
 
7.00% 4.893 20.97 53.83 54.04 54.04   8.00% 4.487 21.41 54.39 54.79 54.79 
      
 
7.00% 5.246 21.13 53.34 53.86 53.44   8.00% 4.838 21.44 54.39 54.12 54.47 
      
 
7.00% 5.628 21.36 53.02 53.3 52.94   8.00% 5.263 21.55 53.45 53.77 54.12 
   
  
7.00% 5.959 21.66 52.06 51.94 51.87   8.00% 5.637 21.76 52.43 52.21 52.13 
   
  
7.00% 6.395 21.81 50.6 50.7 50.51   8.00% 5.991 21.73 51.66 51.94 52.04 
  
  
7.00% 6.663 … 50.16 50.22 50.07               
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Figure C. 1.  Predicted Average Velocity vs Measured Velocity ( Kaolin 7.5%. Slope 3%,4%, Laminar Regime)  
 
Figure C. 2. Predicted Average Velocity vs Measured Velocity (Kaolin 7.5%. Slope 5%,6%, Laminar Regime)  
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Figure C. 3. Predicted Average Velocity vs Measured Velocity ( Kaolin 7.5%. Slope 7%,8%, Laminar Regime)  
 
Figure C. 4. Predicted Average Velocity vs Measured Velocity ( Kaolin 10% , Slope 3%,4%, Laminar Regime)  
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Figure C. 5. Predicted Average Velocity vs Measured Velocity ( Kaolin 10% , Slope 5%,6%, Laminar Regime)  
 
Figure C. 6. Predicted Average Velocity vs Measured Velocity ( Kaolin 10%% Slope 7%,8%, Laminar Regime)  
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Figure C. 7. Predicted Average Velocity vs Measured Velocity ( Kaolin 12.5%, Slope 3%,4%, Laminar Regime)  
 
Figure C. 8. Predicted Average Velocity vs Measured Velocity ( Kaolin 12.5%,  Slope 5%,6%, Laminar Regime)  
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Figure C. 9. Predicted Average Velocity vs Measured Velocity ( Kaolin 12.5%. Slope 7%,8%, Laminar Regime)  
 
Figure C. 10. Predicted Average Velocity vs Measured Velocity (Kaolin + Copper Tailings 10%. Slope 5%,6%, 
Laminar Regime)  
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Figure C. 11. Predicted Average Velocity vs Measured Velocity (Kaolin + Copper Tailings 10%. Slope 7%,8%, 
Laminar Regime)  
 
Figure C. 12. Predicted Average Velocity vs Measured Velocity (Kaolin + Zinc Tailings 10% , Slope 5%,6%, 
Laminar Regime) 
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Figure C. 13. Predicted Average Velocity vs Measured Velocity (Kaolin + Zinc Tailings 10%, Slope 7%,8%, 
Laminar Regime) 
 
Figure C. 14. Predicted Friction Factor vs Measured Friction Factor (Kaolin 7.5%, Slope 3%,4%, Laminar 
Regime) 
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Figure C. 15. Predicted Friction Factor vs Measured Friction Factor (Kaolin 7.5%, Slope 5%,6%, Laminar 
Regime) 
 
Figure C. 16. Predicted Friction Factor vs Measured Friction Factor (Kaolin 7.5%, Slope 7%,8%, Laminar 
Regime) 
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Figure C. 17. Predicted Friction Factor vs Measured Friction Factor (Kaolin 10%, Slope 3%,4%, Laminar 
Regime) 
 
Figure C. 18. Predicted Friction Factor vs Measured Friction Factor (Kaolin 10%, Slope 5%,6%, Laminar 
Regime) 
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Figure C. 19. Predicted Friction Factor vs Measured Friction Factor (Kaolin 10%, Slope 7%,8%, Laminar 
Regime) 
 
Figure C. 20. Predicted Friction Factor vs Measured Friction Factor (Kaolin 12.5%, Slope 3%,4%, Laminar 
Regime) 
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Figure C. 21. Predicted Friction Factor vs Measured Friction Factor (Kaolin 12.5%, Slope 5%,6%, Laminar 
Regime) 
 
Figure C. 22.  Predicted Friction Factor vs Measured Friction Factor (Kaolin 12.5%, Slope 8%, Laminar Regime) 
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Figure C. 23. Predicted Friction Factor vs Measured Friction Factor (Kaolin and Copper Tailings 10%, Slope 
5%,6%, Laminar Regime) 
  
Figure C. 24. Predicted Friction Factor vs Measured Friction Factor (Kaolin and Copper Tailings 10%, Slope 
7%,8%, Laminar Regime) 
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Figure C. 25. Predicted Friction Factor vs Measured Friction Factor (Kaolin and Zinc Tailings 10%, Slope 
5%,6%, Laminar Regime) 
 
Figure C. 26. Predicted Friction Factor vs Measured Friction Factor (Kaolin and Zinc Tailings 10%, Slope 
7%,8%, Laminar Regime) 
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Figure C. 27. Predicted Average Velocity vs Measured Velocity ( Kaolin 7.5% kg/kg Slope 3%4%, Turbulent 
Regime) 
 
Figure C. 28. Predicted Average Velocity vs Measured Velocity ( Kaolin 7.5% kg/kg Slope 5%, 6%, Turbulent 
Regime) 
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Figure C. 29. Predicted Average Velocity vs Measured Velocity ( Kaolin 7.5% kg/kg Slope 7%,8%, Turbulent 
Regime) 
 
Figure C. 30. Predicted Average Velocity vs Measured Velocity ( Kaolin 10% kg/kg Slope 3%,4%, Turbulent 
Regime) 
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Figure C. 31. Predicted Average Velocity vs Measured Velocity ( Kaolin 10% kg/kg Slope 5%,6%, Turbulent 
Regime) 
 
Figure C. 32. Predicted Average Velocity vs Measured Velocity ( Kaolin 10% kg/kg Slope 7%,8%, Turbulent 
Regime) 
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Figure C. 33. Predicted Average Velocity vs Measured Velocity (Kaolin 12.5% kg/kg Slope 5%,6%, Turbulent 
Regime) 
 
Figure C. 34. Predicted Average Velocity vs Measured Velocity (Kaolin 12.5% kg/kg Slope 7%,8%, Turbulent 
Regime) 
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Figure C. 35. Predicted Average Velocity vs Measured Velocity (Kaolin and Copper Tailings 10% kg/kg Slope 
5%,6%, Turbulent Regime) 
 
Figure C. 36. Predicted Average Velocity vs Measured Velocity (Kaolin and Copper Tailings 10% kg/kg Slope 
7%,8%, Turbulent Regime) 
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Figure C. 37. Predicted Average Velocity vs Measured Velocity (Kaolin and Zinc Tailings 10% kg/kg Slope 
5%,6%, Turbulent Regime) 
 
Figure C. 38. Predicted Average Velocity vs Measured Velocity (Kaolin and Zinc Tailings 10% kg/kg Slope 
7%,8%, Turbulent Regime)
 Appendix D: New Developed Models’ Prediction and Comparision with 
Experimental Data Compiled for this Study, Haldenwang-Slatter (2003) 
and Burger et al.  (2010) 
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Figure D. 1. New Model Velocity Prediction (Kaolin 7.5% kg/kg, Laminar Regime) 
 
Figure D. 2. New Model Friction Factor Prediction (Kaolin 7.5% kg/kg, Laminar Regime) 
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Figure D. 3. New Model Hydraulic Radius Prediction (Kaolin and Zinc Tailings 7.5% kg/kg, Laminar Regime) 
 
Figure D. 4. New Model Velocity Prediction (Kaolin 10% kg/kg, Laminar Regime) 
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Figure D. 5. New Model Friction Factor Prediction (Kaolin 10% kg/kg, Laminar Regime) 
 
Figure D. 6. New Model Hydraulic Radius Prediction (Kaolin 10% kg/kg, Laminar Regime) 
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Figure D. 7. New Model Velcity Prediction (Kaolin 12.5% kg/kg, Laminar Regime) 
 
Figure D. 8. New Model Friction Factor Prediction (Kaolin 12.5% kg/kg, Laminar Regime) 
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Figure D. 9. New Model Hydraulic Radius (Kaolin 12.5% kg/kg, Laminar Regime) 
 
Figure D. 10. New Model Velocity Prediction (Kaolin and Copper Tailings 10% kg/kg, Laminar Regime) 
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Figure D. 11. New Model Friction Factor Prediction (Kaolin and Copper Tailings 10% kg/kg, Laminar Regime) 
 
Figure D. 12. New Model Hydraulic Radius Prediction (Kaolin and Copper Tailings 10% kg/kg, Laminar 
Regime) 
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Figure D. 13. New Model Velocity Prediction (Kaolin and Zinc Tailings 10% kg/kg, Laminar Regime) 
 
Figure D. 14. New Model Friction Factor Prediction (Kaolin and Zinc Tailings 10% kg/kg, Laminar Regime) 
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Figure D. 15. New Model Hydraulic Radius Prediction (Kaolin and Zinc Tailings 10% kg/kg, Laminar Regime) 
 
Figure D. 16. New Model Velocity Prediction (Kaolin 5.4% kg/kg, Laminar Regime) 
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Figure D. 17. New Model Friction Factor Prediction (Kaolin 5.4% kg/kg, Laminar Regime, Burger et al. (2010) 
Data Set) 
 
Figure D. 18. New Model Hydraulic Radius Prediction (Kaolin 5.4% kg/kg, Laminar Regime, Burger et al. 
(2010) Data Set) 
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Figure D. 19. New Model Velocity Prediction (Kaolin 7.1% kg/kg, Laminar Regime, Burger et al. (2010) Data 
Set) 
 
Figure D. 20. New Model Friction Factor Prediction (Kaolin 7.1% kg/kg, Laminar Regime, Burger et al. (2010) 
Data Set) 
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Figure D. 21. New Model Hydraulic Radius Prediction (Kaolin 7.1% kg/kg, Laminar Regime, Burger et al. 
(2010) Data Set) 
 
Figure D. 22. New Model Velocity Prediction (Kaolin 7.1% kg/kg, Laminar Regime, Haldenwang-Slatter (2003) 
Data Set) 
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Figure D. 23. New Model Friction Factor Prediction (Kaolin 7.1% kg/kg, Laminar Regime, Haldenwang-Slatter 
(2003) Data Set) 
 
Figure D. 24. New Model Hydraulic Radius Prediction (Kaolin 7.1% kg/kg, Laminar Regime, Haldenwang-
Slatter (2003) Data Set) 
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Figure D. 25. New Model Velocity Prediction (Kaolin 7.5% kg/kg, Turbulent Regime) 
 
Figure D. 26. New Model Friction Factor Prediction (Kaolin 7.5% kg/kg, Turbulent Regime) 
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Figure D. 27. New Model Hydraulic Radius Prediction (Kaolin and Zinc Tailings 7.5% kg/kg, Turbulent Regime) 
 
Figure D. 28. New Model Velocity Prediction (Kaolin 7.5% kg/kg, Turbulent Regime) 
 
APPENDIX D 226 
 
 
 
Figure D. 29. New Model Friction Factor Prediction (Kaolin 7.5% kg/kg, Turbulent Regime) 
 
Figure D. 30. New Model Hydraulic Radius Prediction (Kaolin 7.5% kg/kg, Turbulent Regime) 
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Figure D. 31. New Model Average Velocity Prediction (Kaolin 10% kg/kg, Turbulent Regime) 
 
Figure D. 32. New Model Friction Factor Prediction (Kaolin 10% kg/kg, Turbulent Regime) 
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Figure D. 33. New Model Hydraulic Radius Prediction (Kaolin 10% kg/kg, Turbulent Regime) 
 
Figure D. 34. New Model Average Velocity Prediction (Kaolin and Copper Tailings 10% kg/kg, Turbulent 
Regime) 
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Figure D. 35. New Model Friction Factor Prediction (Kaolin and Copper Tailings 10% kg/kg, Turbulent 
Regime) 
 
Figure D. 36. New Model Hydraulic Radius Prediction (Kaolin and Copper Tailings 10% kg/kg, Turbulent 
Regime) 
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Figure D. 37. New Model Velocity Prediction (Kaolin 5.4% kg/kg, Turbulent Regime, Burger et al. (2010) Data 
Set) 
 
Figure D. 38. New Model Friction Factor Prediction (Kaolin 5.4% kg/kg, Turbulent Regime, Burger et al. 
(2010) Data Set) 
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Figure D. 39. New Model Hydraulic Radius Prediction (Kaolin 5.4% kg/kg, Turbulent Regime, Burger et al. 
(2010) Data Set) 
  
Figure D. 40. New Model Velocity Prediction (Kaolin 7.1% kg/kg, Turbulent Regime, Burger et al. (2010) Data 
Set) 
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Figure D. 41. New Model Friction Factor Prediction (Kaolin 7.1% kg/kg, Turbulent Regime, Burger et al. 
(2010) Data Set) 
 
Figure D. 42. New Model Hydraulic Radius Prediction (Kaolin 7.1% kg/kg, Turbulent Regime, Burger et al. 
(2010) Data Set) 
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